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Overview  of  Research  Result 

The  focus  of  the  research  conducted  under  Grant  No.  91-0106  (a  two  year  effort  )  was  to 
identifying  the  fundamental  mechanisms  of  fatigue  damage  that  occur  in  fiber-reinforced 
ceramics.  Several  new  findings  were  made  during  the  research  effon;  ( 1 )  the  fatigue  life  of 
fiber-reinforced  ceramics  decreases  markedly  during  high  frequency  fatigue  loading,  (2)  fiber- 
reinforced  ceramics  undergo  significant  internal  heating  during  cyclic  loading.  (3)  because  of 
frictional  wear  along  the  fiber-matrix  interface,  the  frictional  shear  stress  in  fiber-reinforced 
ceramics  decreases  sharply  under  cyclic  loading.  Based  upon  insight  gained  from  the  analytical 
and  experimental  pans  of  the  investigation,  we  developed  a  novel  approach  to  estimate  the  level 
of  frictional  shear  stress  that  exists  along  the  fiber-matrix  interface  during  fatigue.  Since  this 
technique  allows  confirmation  of  other  techniques  for  estimating  frictional  shear  stress  (e.g.. 
fiber  pushout  technique  developed  by  Marshall  at  Rockwell  Science  Center).  Moreover,  it  is 
the  only  approach  that  allows  determination  of  the  in-situ  change  in  frictional  shear  stress 
during  cyclic  loading  (note  that  the  level  of  frictional  shear  stress  controls  many  mechanical 
properties  such  as  strength,  toughness  and  mechanical  damping  as  well  as  thermophysical 
properties  .such  as  thermal  diffusivity).  The  analysis  that  was  developed  to  estimate  frictional 
shear  stress  can  also  be  used  to  understand  the  relationship  between  composite  microstructure 
and  cyclic  energy  di.ssipation  in  fiber-reinforced  ceramics. 


For  convenience,  this  report  is  divided  into  three  sections  that  provide  a  detailed  account  of 
the  research  results.  The  first  section  discusses  the  influence  of  loading  frequency  on  the 
room  temperature  fatigue  life  of  Nicalon/CAS  composites;  these  results  were  obtained  after  the 
1991  progress  report.  The  second  and  third  sections  discuss  experimental  results  that  show  the 
magnitude  and  mechanisms  of  frictional  heating  in  fiber-reinforced  ceramics,  and  the  approach 
that  was  developed  to  estimate  the  frictional  shear  stress  that  ex'sts  during  fatigue  loading  of 


composites. 
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II.  Dissemination  of  Research  Results 

A  list  of  the  publications,  conference  presentations  and  invited  talks  that  were  the  direct  result 
of  this  AFOSR  project  are  listed  below. 

Journal  Publications 

1 .  C.  Cho,  J.  W.  Holmes  and  J.  R  Barber,  "Estimation  ol  Interlacial  Shear  in  Ceramic  Composites  from 
Frictional  Heating  Measurements,”  J.  Am.  Ceram.  Soc.,  74  [11]  2802-2808  (1991). 

2.  J.  W.  Holmes  and  C.  Cho,  "Frictional  Heating  in  a  Unidirectional  Fiber-Reinforced  Ceramic 
Composite,"  J.  Mat.  Sci.  Lett.,  11  (1992)  41-44. 

3.  C.  Cho,  J.  W.  Holmes,  and  J.  R  Barber,  "Distribution  of  Matrix  Cracks  in  a  Uniaxial  Composite."  J 
Am.  Ceram.  Soc..  75  [2|  316-24  (1992). 

4  J.  W.  Holmes  and  C.  Cho,  "Experimental  Observations  of  Frictional  Heating  in  a  Fiber  Reinforced 
Ceramic,"  J.  Am.  Ceram.  Soc..  75  [4]  929-38  (1992). 

5.  L.  Butkus*,  J.  W.  Holmes  and  T.  Nicholas.  "Thermomechanical  Fatigue  of  a  SiC-Fiber 
Calcium  Aluminosilicate  Matrix  Composite,"  J.  Am.  Ceram.  Soc.,  in  press. 

6.  S.  F.  Shuler,  J.  W.  Holmes  and  D.  Roach,  "Room  Temperature  Fatigue  of  a  C-Fiber  SiC-Mafrix 
Composite."  J.  Am.  Ceram.  Soc.,  accepted. 

7.  J.  W.  Holmes,  X.  Wu,  and  V.  Ramakrishnan.  "High-Frequency  Fatigue  of  Fiber-Reinforced 
Ceramics,"  submitted  to  J.  Am.  Ceram.  Soc. 

Conference  Presentations 

1.  S.  F.  Shuler,  J.  W.  Holmes  and  J.  Morris,  "Influence  of  Frequency  on  the  Rate  of  Damage 
Accumulation  in  a  C-Fiber  SiC-Matrix  Composite,"  presented  at  the  I5th  Annual  Conference  on 
Ceramics  and  Advanced  Composites,  Cocoa  Beach.  FL,  (January,  1991) 

2.  C.  Cho  and  J.  W.  Holmes,  "Frictional  Heating  in  Fiber-Reinforced  Ceramic  Matrix  Composites," 
presented  at  the  I5th  Annual  American  Ceramic  Society  Conference,  Cincinnati,  OH  (April  1990). 

3.  C.  Cho  and  J.  W.  Holmes,  "Influence  of  Fatigue  Loading  and  Test  Frequency  on  Interfacial  Shear 
Stress  in  Fiber-Reinforced  Composites,"  16th  Annual  Conference  and  Exposition  on  Ceramics  and 
Advanced  Composites,  Cocoa  Beach,  FL,  (January,  1992). 
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4.  V.  Ramishkrishan,  J.  W.  Holmes  and  M.  Comninou.  “High-Frequency  Fatigue  of  Fiber-Reinforced 
Ceramics."  presented  at  the  16th  Annual  Conference  and  Exposition  on  Ceramics  and  Advanced 
Composites,  Cocoa  Beach,  FL,  (January,  1992). 

5.  L.  Bufkus*,  J.  W.  Holmes  and  T.  Nicholas,  "Thermomechanical  Fatigue  of  a  SiC-Fiber  Calcium 
Aluminosilicate  Matrix  Composite."  presented  at  the  I6th  Annual  Conference  and  Exposition  on 
Ceramics  and  Advanced  Composites,  Cocoa  Beach,  FL,  (January.  1992). 

6.  J.  W.  Holmes,  “Fatigue  of  Ceramic  Matrix  Composites  Ceramics."  I5th  Automotive  Materials 
Conference:  Tough  Ceramics.  March  17.  1992.  Ann  Arbor,  Ml. 

Invited  Talks 

1 .  J.  W.  Holmes,  "Fatigue  of  Fiber- Re  info  reed  Ceramics."  Defroif  TMS  meeting,  Febmary,  1991, 

2.  J.  W.  Holmes,  "Role  of  the  Fiber-Matrix  Interface  in  Interna!  Heating  of  Fiber-Reinforced  Ceramics," 
TMS  Fall  Meeting,  Cincinnati,  OH,  October.  1991. 

3.  J.  W.  Holmes,  "High  Frequency  Fatigue  of  Fiber-Reinforced  Ceramics,"  TMS/FEMS  Symposium  on 
Fatigue  of  Advanced  Materials,  TMS  Annual  Meeting,  Denver,  CO,  February  22-25,  1993. 


‘Captain,  USAF  (Capt.  Bufkus  obtained  his  MS  Degree  under  the  supervision  of  Professor  Holmes. 
The  experimental  portion  of  his  research  was  conducted  at  WPAFB).  Dr.  Ted  Nicholas  at  WPAFB  co¬ 
advised  the  thesis.  The  results  obtained  from  Butkus'  research  are  being  published  as  a  Technical 
Report  at  WPAFB  and  are  therefore  not  elaborated  upon  in  this  report.  A  copy  of  the  TR  will  be  sent  to 
AFOSR). 
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III.  High  Frequency  Fatigue  Life  Degradation  of  a  Fiber- 
Reinforced  Ceramic  Matrix  Composite 

III.l  Introduction 

To-date  investigations  of  fatigue  life  and  fatigue  damage  accumulation  in  fiber-reinforced 
ceramics  have  been  conducted  at  loading  frequencies  below  50  Hz.  ^  How'evcr.  recent  studies^-^' 
have  shown  that  significant  internal  heating  can  occur  during  the  fatigue  of  fiber-reinforced 
ceramics,  which  may  influence  fatigue  life.  The  temperature  rise  during  high  frequency  fatigue  ciui 
be  very  substantial.  For  example,  a  temperature  rise  of  approximately  1(X)  K  has  been  measured 
during  the  fatigue  of  unidirectional  Nicalon/calcium-aluminosilicate  composites  at  a  loading 
frequency  of  75  Hz  between  stress  limits  of  240  and  10  MPa.  .Moreover,  it  has  been  shown  for 
Nicalon/calcium-aluminosilicate  composites,  that  the  frictional  shear  stress  present  along  the 
fiber/matrix  interface  decreases  as  the  fatigue  loading  frequency  is  increased  (this  decrease  is 
caused  by  differential  thermal  expansion  between  the  fiber  and  matrix),  It  has  been  previously 
postulated  that  the  change  in  frictional  shear  stress,  as  well  as  temperature-induced  microstnictural 
damage,  could  result  in  a  frequency  dependence  of  fatigue  life.l-  The  purpose  of  the  present 
communication  is  to  report  on  recent  findings  that  provide  clear  evidence  for  a  frequency 
dependence  of  fatigue  life  in  Nicaion/calcium-aluminosiiicate  composites. 

III.2  Experimental  Procedure 

Unidirectional,  16-ply  Nicalori/calcium-aluiuinosilicate  composites  (hereafter  referred  to  as 
[0]  j^-Nicalon/CAS-II)  were  used  in  the  investigation.  The  composites,  which  contained  40  vol.'7c 
fibers,  were  manufactured  by  hot-pressing  at  a  tempierature  of  approximately  I350°C.  Edge-loaded 
tensile  specimens  were  machined  from  the  hot-pressed  billets  using  diamond  tooling.  The  fibers 
were  parallel  to  the  specimen  loading  axis.  The  specimen  gage-length  was  33  mm,  with  a  gage- 
section  width  of  6.3  mm  and  thickne.ss  of  3.2  mm  (further  details  of  the  specimen  geometry'  can  be 
found  in  Chapter  VI).  The  broad  faces  of  the  specimens  were  not  machined.  To  allow  acetate-film 
replicas  of  surface  cracking  to  be  obtained,  the  edges  (minor  faces)  of  the  specimens  were  polished 
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with  diamond  paste  to  a  final  finish  of  0.1  pm.  An  optical  micrograph  showing  the  typical  fiber 
distribution  in  the  test  specimens  is  given  in  Fig.  1. 

All  fatigue  experiments  were  conducted  on  a  high  resonant  frequency  servohydraulic  load 
frame.  The  load-frame  was  equipped  with  a  6.8  kN  actuator  and  edge-loaded  grips.  Because  of 
the  small  force  capacity  of  the  actuator,  monoionic  tension  tests  were  conducted  on  a  higher- 
capacity  load-frame  equipped  with  a  similar  gripping  arrangement.  An  i.sothemial  test  chamber, 
which  surrounded  the  specimen  and  grips,  was  used  to  maintain  the  ambient  temperature 
surrounding  the  specimens  at  20  ±0. 1C.  The  test  chamber  had  a  volume  of  0.1  m^.  The 
temperature  rise  of  the  specimens  was  continuously  measured  throughout  the  fatigue  experiments. 
For  this  purpose,  optical  pyrometers  focussed  at  the  center  of  the  gage  section  were  utilized.*’ 
The  pyrometers  had  a  spot  size  at  the  specimen  surface  of  5  mm.  Further  details  concerning  the 
e.xperimental  approach  can  be  found  in  Reference  12. 

Specimens  were  subjected  to  continuous  fatigue  loading  at  sinusoidal  frequencies  of  25,  75, 
150  and  350  Hz.  All  experiments  were  conducted  under  load  control  (i.e.,  the  maximum  and 
minimum  load  limits,  rather  than  displacement,  were  controlled).  Specimens  were  fatigued  at 
maximum  stresses  of  180,  200,  220  and  240  MPa;  in  all  cases  the  minimum  cyclic  stress  was  held 
con,stant  at  10  MPa.  In  practice,  because  of  minor  control  problems,  the  lower  fatigue  limit 
fluctuated  between  5  and  12  MPa.  The  upper  fatigue  limit  was  controlled  to  within  5  MPa.  For 
the  stress  limits  examined,  the  stress  ratio  (c^rnin^^max^  ranged  from  approximately  0.055  at  180 
MPa  to  0.041  at  220  MPa.  Fatigue  run  out  was  defined  as  5  x  10^  cycles  (this  corresponds  to 
approximately  55.5  h  of  testing  at  25  Hz  and  4  h  of  testing  at  350  Hz).  In  addition  to  providing 
conventional  stress  versus  cycles  to  failure  data  (i.e.,  an  "SN"  curve),  this  series  of  experiments 
provided  information  concerning  the  dependence  of  frictional  heating  on  peak  fatigue  stress  and 
loading  frequency. 

Information  concerning  the  evolution  of  matrix  crack  spacing  was  determined  for  only  two  of 

Everest  Inierscicnce,  Fullerton  California.  Pyrometer  Model  .No.  5402  (Tor  tcmperaiurcs<  iOOX);  Pyrometer 
Model  No.  5430  (for  temperatures  >  KXFC).  'Flic  two  pyrometers  were  focussctl  on  opposing  skIcs  of  (he  specimen. 
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the  fatigue  loading  histories:  25  and  75  Hz  under  a  maximum  stress  of  180  MPa  (since  the  process 
of  obtaining  replicas  interferes  with  the  measurement  of  temperature  rise,  which  was  one  of  the 
primary  goals  of  the  present  study,  crack  spacings  were  not  obtained  for  higher  loading 
frequencies  or  stress  levels).  To  avoid  time-dependent  matrix  cracking  during  the  taking  of  surt'ace 
replicas,  which  can  significantly  influence  the  subsequent  cycle  dependence  of  crack  spacing  and 
modulus,  all  replicas  were  obtained  with  specimens  loaded  to  a  stress  of  10  MPa.  For 
comparison,  the  crack  spacing  was  also  determined  for  static  loading  at  a  maximum  stress  of  180 
MPa  (for  this  loading  hi,story  the  specimen  stress  was  maintained  at  180  .MPa  while  obtaining  the 
replicas).  The  values  reported  for  matrix  crack  spacing  were  obtained  from  measurements  made  on 
a  minimum  of  500  crack-pairs  (in  many  instances  the  cracks  did  not  traverse  across  the  entire 
specimen,  but  rather  appeared  to  start  and  stop  in  a  random  fashion  t. 

III.3  Results  and  Discussion 

(1)  Monotonic  Tensile  Behavior 

The  room-temperature  monotonic  tensile  behavior  of  the  composite  is  shown  in  Fig.  2.  The 
composite  exhibited  a  linear  stress-strain  response  to  a  stress  of  approximately  285  MPa  (defined 
as  the  proportional  limit  stress),  followed  by  progressive  nonlinear  behavior.  The  failure  strength 
of  the  composite  was  approximately  590  MPa.  The  initial  tangent  modulus  was  131  GPa. 

(2)  Influence  of  Loading  Frequency  on  Fatigue  Life 

The  fatigue  life  of  the  composite  is  shown  in  Fig.  3  as  a  function  of  maximum  fatigue  stress 
and  loading  frequency.  At  a  maximum  fatigue  stress  of  180  MPa,  fatigue  run  out  was  observed 
at  all  loading  frequencies.  Although  there  was  scatter  in  the  data  at  150  and  350  Hz,  it  is  clear  for 
stresses  above  180  MPa  that  the  fatigue  life  decreased  as  the  loading  frequency  was  increased.  For 
example,  at  220  MPa  the  fatigue  life  was  less  than  300,000  cycles  at  frequencies  of  150  and  350 
Hz;  this  compares  with  over  5  x  10^  cycles  at  25  and  75  Hz.  If  time  dependent  (delayed  crack 
growth)  were  the  governing  failure  mechanism,  the  failure  time  would  be  independent  of  loading 
frequency.  Plotting  the  failure  time  of  specimens  for  the  various  loading  histories,  shows  that  this 
is  clearly  not  the  case;  for  stress  levels  above  2(X)  MPa  the  failure  time  decreased  with  increasing 
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loading  frequency. 

It  is  very  important  to  note  that  the  fatigue  experiments  were  conducted  at  stress  levels  ( 180  to 
240  MPa)  that  were  significantly  below  the  monotonic  proportional  limit  stress  of  virgin  specimens 
(=  285  MPa).  From  the  results  of  numerous  investigations^"^  it  has  been  generally  accepted  that 
the  proportional  limit  stress  provides  a  rough  approximation  of  the  fatigue  limit  for  many- 
unidirectional  fiber-reinforced  ceramics  fatigue  (  where  the  fatigue  limit  is  defined  as  the  stress  level 
below  which  fatigue  failures  do  not  occur).  All  of  these  earlier  investigations  were  conducted  at 
loading  frequencies  of  10  Hz  and  lower  (the  50  Hz  fatigue  experiments  conducted  by  Shuler  et  al^ 
were  performed  with  Cf/SiC  composites  which  do  not  exhibit  a  proportional  limit  stress  because  of 
processing  related  microcracking).  How^ever,  the  results  obtained  from  the  pre.scnt  investigation 
clearly  suggest  that  the  proportional  limit  stress  cannot  be  used  to  predict  the  fatigue  limit  of  filx'r- 
reinforced  ceramics  at  high  loading  frequencies.  The.se  results  do  not  invalidate  the  use  of  the 
proportional  limit  stress  as  a  predictor  of  the  fatigue  limit  at  lower  loading  frequencies  (<  10  Hz), 
since  the  damage  mechanisms  at  low  loading  frequencies  will  be  different  (i.e.,  will  not  be 
significandy  influenced  by  internal  heating). 

(2)  Frictional  Heating  During  Fatigue  Loading 

As  discussed  in  detail  el.sewhere^^'^2^  the  repeated  frictional  slip  of  fibers  along  debonded 
interfacial  slip-zones  causes  heat  generation  during  the  fatigue  loading  of  fiber-reinforced  ceramics. 
The  frequency  dependence  of  temperature  rise  is  plotted  in  Fig.  4  for  a  maximum  fatigue  stress  of 
220  MPa.  Figure  5  shows  the  influence  of  peak  fatigue  stress  on  temperature  rise  for  a  loading 
frequency  of  350  Hz.  As  both  of  these  figures  indicate,  the  surface  temperature  rise  can  be  quite 
substantial.  For  example,  the  temperature  rise  e.xceeded  160  K  during  350  Hz  fatigue  at  a  peak 
stress  of  240  MPa.  As  discussed  below,  frictional  heating  is  thought  to  play  a  significant  role  in 
the  reduced  fatigue  life  found  at  high  loading  frequencies. 

(3)  Mechanisms  Responsible  for  the  Frequency  Dependence  of  Fatigue  Life 

There  is  cleiu-  evidence  from  the  present  investigation  that  the  rate  and  extent  of  microstnictural 
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damage  is  frequency  dependent.  Figure  6  shows  the  change  in  macri.x  crack  spacing  that  occurred 
during  static  loading  at  180  MPa,  and  during  fatigue  at  loading  frequencies  of  25  and  75  Hz  {Onia.x 
=  180  MPa).  At  a  loading  frequency  of  25  Hz.  the  microcrack  density  stabilized  within 
approximately  25,000  cycles,  and  remained  constant  thereafter.  However,  at  a  frequency  of  75 
Hz.  the  microcrack  density  continuously  increased  for  the  duration  of  the  fatigue  test  (crack 
spacings  at  150  and  350  Hz  w'ere  not  determined).  There  are  similarities  as  well  as  important 
differences  in  the  trends  observed  between  the  present  study  and  an  earlier  study of  frictional 
heating  and  matrix  damage  in  [0]  Nicalon/C.AS-II  composites.  In  the  earlier  study,  which  used  a 
Nicalon/CAS-II  composite  with  5%  few'er  fibers,  specimens  were  sequentially  fatigued  from  25  to 
75  Hz.  In  agreement  with  measurements  made  in  the  present  study,  at  25  Hz  there  was  an  initial 
decay  for  the  first  25,()(X)  cycles,  followed  by  a  plateau  in  crack  spacing  (as  expected  for  a  reduced 
fiber  fraction,  the  average  crack  spacing  was  also  smaller  than  that  measured  in  the  present  .study;. 
The  equilibrium  crack  spacing  that  developed  during  initial  fatigue  at  25  Hz  did  not  change  during 
subsequent  fatigue  at  50  or  75  Hz.  In  contrast,  in  the  present  study,  continuous  75  Hz  fatigue 
caused  a  progre.ssive  increase  in  crack  density.  This  increase  at  75  Hz  appears  to  be  related  to  the 
damage  state  that  develops  in  the  initial  stages  of  fatigue  loading;  in  other  words,  the  initial  loading 
history  of  the  composite  determines  subsequent  crack  growth  behavior  (this  is  one  reason  why  it  is 
important  to  state  the  preci.se  procedure  used  to  obtain  surface  replicas).  Further  investigations  are 
in  progress  to  determine  the  sensitivity  of  crack  spacing  to  initial  loading  histors  . 

At  this  time,  the  precise  mechanisms  whicli  cause  the  frequency  dependence  of  fatigue  life  and 
matrix  damage  are  not  known.  It  is  likely  that  the  reduction  is  related  to  the  temperature  rise  during 
cyclic  loading.  Internal  heating  :ould  influence  the  damage  accumulation  process  by  several 
mechani.sms;  (1)  differential  themial  expansion  between  the  fiber  and  matrix  can  change  the  level  of 
interfacial  shear  stress  in  the  composite,  resulting  in  a  change  in  the  distribution  of  load  carried  by 
the  matrix  and  fibers,  (2)  the  rate  of  interfacial  wear  could  depend  upon  loading  frequency,  and  (3) 
at  high  loading  frequencie.s,  where  the  temperature  rise  is  large,  heat  transfer  from  the  specimen 
surface  may  be  rate  limiting,  resulting  in  verv'  high  internal  temperatures  within  a  fatigue  specimen 
(this  temperature  ri.se  could  accelerate  the  rate  of  interfacial  and  microstnicturai  damage  i.  Using 


microscopy  to  identify  microstructural  damage,  and  analytical  modelling  of  the  temperature 
di,stribution  in  the  vicinity  of  the  fiber-matrix  interface,  we  are  attempting  to  elucidate  the 
mechanisms  responsible  for  the  frequency  dependence  of  fatigue  life,  'fhe  results  of  these 
investigations  will  be  reported  vri  a  future  paper. 

HI.4  Conclu.sions 

Based  upon  the  results  obtained  from  room  temperature  experiments  conducted  with 
unidirectional  16-ply  Nicalon/CAS-11  composites  with  40  vol.%  fibers,  the  following  observations 
can  be  made  regarding  the  influence  of  loading  frequency  on  fatigue  life; 

1  •  Fatigue  life  decreases  at  hiith  loadimi  frecmencies.  At  a  peak  stress  of  220  MPa.  the  fatigue 
life  decreased  from  5  x  10^^  cycles  (run  out)  at  frequencies  of  2.5  to  15  Hz.  to  less  than  .s(K).000 
cycles  at  frequencies  of  1.50  Hz  and  higher. 

2.  The  proportional  limit  stress  cannot  be  used  as  a  predictor  of  fatigue  limit  at  high  loading 
frequencies.  Failures  occurred  at  maximum  fatigue  stres.ses  that  were  significantly  below'  the 
monotonic  proportional  limit  stre.ss.  For  example,  at  350  Hz,  failure  was  observed  at  a  peak 
fatigue  stre.ss  of  200  MPa  (roughly  30%  below  the  proponional  limit  stress  and  66%  below  the 
ultimate  strength).  At  25  Hz,  which  was  the  lowest  frequency  examined,  failures  were  observed  at 
240  MPa  (approximately  15%  below  the  proponional  limit  stress). 

3.  Microstnictural  damage  increases  at  high  loading  frectuencies.  Although  the  crack  spacing 

reached  a  plateau  during  static  loading  at  180  MPa  and  with  fatigue  loading  at  25  Hz  =  180 

MPa),  the  crack  spacing  showed  a  continual  decrease  during  fatigue  at  75  Hz  under  the  same  peak 
stress.  This  result  is  consistent  with  the  observed  reduction  in  fatigue  life  at  the  higher  loading 
frequencies. 
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Fig.  1,  Optical  micrograph  showing  the  typical  fiber-distribution  in  the  [OJj^-Nicalon/CAS-II 
specimens.  The  mean  fiber  diameter  was  15.1  dm  with  a  standard  deviadon  of  2.5  pm. 


Strain,  pet 

Fig.  2.  Room  temperature  monotonic  tensile  behavior  of  40  voi.  %  [Oli^-Nicalon/CAS-II. 
Specimens  were  loaded  at  a  rate  of  100  MPa/s  to  minimize  the  influence  of  time-dependent  matrix 
cracking  on  the  measured  stress  strain  behavior.  The  proportional  limit  stress  was  approximately 
285  MPa  and  the  initial  tangent  modulus  was  131  GPa.  The  maximum  fatigue  stresses  used  in  the 
experiments  are  shown  for  comparison  with  the  proportional  linat  stress  and  ultimate  strength. 
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Fig.  3.  Influence  of  maximum  fatigue  stress  and  sinusoidal  loading  frequency  on  fatigue  life. 
For  all  experiments  the  minimum  fatigue  stress  was  10  MPa  and  the  ambient  temperature  was  293 
K.  At  180  MPa  fatigue  run  out  was  observed  for  all  loading  frequencies. 
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Fig.  4.  Influence  of  loading  frequency  on  the  temperature  rise  (T  -  Tambient^  [^^ll6' 
Nicalon/CAS-II  composites  fatigued  at  a  maximum  stress  of  220  MPa. 
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Fig.  5.  Influence  of  maximum  fatigue  stress  on  the  temperature  rise  (T  -  of  f0]i6- 

Nicalon/CAS-II  composites  fatigued  at  a  sinusoidal  loading  frequency  of  350  Hz. 
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Fig.  6.  Comparison  of  matrix  crack  spacing  for  fatigue  loading  at  25  and  75  Hz  at  a  maximum 
fatigue  stress  of  180  MPa.  For  comparison,  the  crack  spacing  measured  under  static  loading  at 
180  MPa  is  shown.  At  25  Hz  the  crack  spacing  stabilized  within  approximately  25,000  cycles. 
Note  that  the  crack  spacing  did  not  stabilize  at  75  Hz. 
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IV.  A  New  Approach  for  Estimation  of  Frictional  Shear  Stress  in 
Fiber-Reinforced  Ceramics 


IV.  1  Introduction 

There  are  currently  several  approaches  used  to  determine  the  frictional  shear  stress  which 
exists  along  the  fiber/matrix  interface  in  fiber-reinforced  ceramics.  For  example,  Marshall  [1,21 
developed  a  straightforward  indentation  technique  (fiber  pushout)  that  has  gained  widespread 
acceptance  and  has  been  used  to  determine  the  interfacial  shear  stress  in  polymeric-matrix,  metal - 
matrix  and  ceramic-matrix  composites.  A  related  approach,  fiber-pullout  (3,41,  has  also  been 
widely  used  to  measure  interfacial  shear  stress.  Both  fiber  pushout  and  fiber  pullout  experiments 
provide  information  regarding  the  interfacial  shear  stress  which  would  exist  under  monotonic 
loading  conditions.  To  compliment  this  information,  there  is  a  need  to  develop  procedures  which 
can  be  used  to  determine  the  interfacial  shear  stress  which  is  present  during  fatigue  loading. 

Recent  experiments  by  Holmes  etal  [5-7]  indicate  that  significant  internal  heating  can  occur 
during  the  cyclic  loading  of  fiber-reinforced  ceramics.  For  example,  a  temperature  rise  of 
approximately  100  K  was  observed  during  the  room  temperature  fatigue  of  unidirectional  SiC- 
fiber  calcium-aluminosilicate  matrix  composites  at  a  frequency  of  75  Hz  and  stress  limits  of  220 
MPa  and  10  MPa  [7].  The  temperature  rise  which  occurs  during  cyclic  loading,  as  well  as  cyclic 
wear  damage  along  the  fiber/matrix  interface  [8],  could  lead  to  differences  in  the  inierfaciai  shear 
stress  which  exists  under  monotonic  and  cyclic  loading  conditions.^  The  primary  mechanism 
of  internal  heating  in  fiber-reinforced  ceramics  involves  the  frictional  slip  of  fibers  along 
debonded  fiber/matrix  interfaces  [6].  For  a  frictional  slip  mechanism,  the  magnitude  of  interna! 
heating  would  be  related  to  the  average  frictional  shear  stress  which  exists  along  the  fiber/matrix 
interface.  Thus,  by  equating  the  work  performed  in  the  frictional  sliding  of  fibers  to  the  heat 
energy  dissipated  by  a  fatigue  specimen,  it  should  be  possible  to  estimate  the  average  level  of 
frictional  shear  stress  present  along  the  fiber/matrix  interface;  the  development  of  this  approach 
forms  the  basis  of  the  pre.sent  communication. 

^Under  cyclic  loading,  differential  thermal  expansion  between  the  fiber  and  matrix  could  lead  to  a  frequency 
dependence  of  frictional  shear  stress  (note  that  the  degree  of  differential  thermal  expansion  is  determined  by  the 
thermal  expansion  mismatch  between  the  fiber  and  matnx  and  the  temperature  rise  which  cxcurs  during  fatigue  - 
the  temperature  rise  is  suongly  influenced  by  both  loading  frequency  and  applied  strc,ss  range  i.S.71). 
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IV.2  Analysis 

Work  performed  in  the  frictional  slip  of  fibers 

It  is  assumed  that  the  cyclic  frictional  sliding  of  unfractured  fibers  within  debonded  interfacial 
slip-zones  is  the  primary  mechanism  of  internal  heating  which  occurs  in  fiber-reinforced 
ceramics.  The  distance  over  which  interfacial  slip  occurs  during  cyclic  loading  is  controlled  by 
the  magnitude  of  the  external  load  and  the  direction  of  loading  (2,10,1 1];  thus,  the  active  slip- 
length  changes  throughout  a  fatigue  cycle.  Depending  upon  the  loading  history,  temperature,  and 
composite  system,  fibers  can  undergo  either  partial  slip,  or  a  combination  of  partial  and  full 
frictional  slip.^  Thus  for  generality,  two  cases  must  be  considered  when  determining  the  work 
performed  in  the  frictional  sliding  of  fibers:  (I)  partial  frictional  slip  and.  (II)  panial/full  frictional 
slip.  In  the  analysis  which  follows,  the  slip-zone  formed  during  loading  will  be  referred  to  as  a 
forward  slip-zone;  the  slip- zone  formed  during  unloading  is  referred  to  as  a  reverse  slip- zone. 

Case  I:  Partial  frictional  slip.  For  purposes  of  discussion,  it  is  assumed  that  a  composite  has 
been  subjected  to  the  loading  history  shown  in  Fig.  1.  A  specimen  is  first  loaded  from  zero  stress 
to  a  stress  Omax'  along  path  OA'.  During  this  initial  loading,  matrix  cracking  and  interfacial 
debonding  occur  -  this  leads  to  the  formation  of  a  forward  slip-zone  of  length  Ifwd’  2).  For 
path  OA',  the  length  of  the  forward  slip-zone  is  equal  to  the  distance  over  which  debonding 
occurs.  Neglecting  elastic  deformation  outside  the  slip-zones,  the  fiber  debond  length  6  can  be 
estimated  using  an  equation  similar  to  that  given  by  Thouless  and  Evans  1 12]  for  monotonic 
loading.  At  the  maximum  fatigue  stress,  Ornax’’  forward  slip-zone  length  is"^ 

=  (I) 


^Partial  slip  refers  to  the  situation  where  the  active  interfacial  slip-length  is  always  less  than  one-half  of  the 
matrix  crack  spacing.  Full  slip  occurs  when  the  active  slip  length  equals  one-half  of  the  mauix  crack  spacing. 
“^Note  that  the  expression  given  by  Thouless  and  Evans  (12]  for  slip-length  is  given  terms  of  the  fiber  sirc.ss; 
whereas,  Eq.  1  is  expressed  in  terms  of  the  far-field  stress. 
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where,  t^j  is  the  dynamic  shear  stress  (frictional)  along  the  fiber/matrix  interface^,  df  is  the 
fiber  diameter,  and  C  is  given  in  terms  of  the  volume  fraction  of  fibers  (vf)  and  the  tensile  moduli 
of  the  matrix  and  composite  and  E,,,  respecdvely); 

VfEc 

Upon  stress  reversal  at  point  A',  the  loading  path  A'A  is  followed  to  the  minimum  cycle 
stress  After  achieving  a  stable  crack  density  characteristic  of  fadgue  at  a  maximum  stress 

^max’>  subsequent  fatigue  cycles  are  assumed  to  occur  along  path  BB'  -  ®max'^- 

first  loading  path  OA’A  was  included  for  generality  since  it  determines  the  residual  stress  state 
which  exists  during  subsequent  loading  at  lower  peak  stresses.  The  instantaneous  slip-zone 
length  formed  during  loading  from  to  a  can  be  found  by  graphical  analysis  of  the 

matrix  stress  distribution  shown  in  Fig.  3: 

‘^ntin  <^<  t^max  ( 3) 

old 

Outside  the  slip-zones,  there  is  no  relative  displacement  between  the  fiber  and  mauix;  these 
regions  of  "suck"  do  not  enter  into  the  calculations  for  fricdonal  work.  The  changes  in  fiber  and 
matrix  stress  along  the  interface  which  occur  during  the  loading  portion  of  the  fatigue  cycle,  can 
be  determined  by  graphical  analysis  of  the  residual  (prior)  and  current  su^ss  states  shown  in  Fig. 
3.  For  a  change  in  stress  from  to  a,  the  stress  increments  can  be  expressed  as  follows; 

50|(z)  =  |l{0-0„i„)+?^,  0<z<lf„d  (4) 

t-c  df 

5<Jn,(z)  =  |^(o-a^iJjl -j^j,  0<z<lfwd  (5) 

The  corresponding  increments  in  fiber  and  matrix  displacement  along  the  interface  (denoted  by 

51m  and  5lf,  respectively)  can  be  obtained  by  integration  of  the  stress  increments: 

^The  terminology  "dynamic  shear  stress"  is  used  to  emphasize  that  the  frictional  shear  stress  which  is  measured 
under  cyclic  loading  condiUons  may  differ  from  that  measured  using  fiber  pushout  or  pullout  experiments. 
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Ec  dfEf 

(6) 

(7) 

The  relative  incremental  displacement  between  the  fiber  and  matrix,  blsHde-  's  given  by  the 
difference  between  the  fiber  and  matrix  displacements  (Eqs.  6  and  7): 


5Udd(z)  =  5lf(z)-5Wz)  = 


CdjVfEf 


(8) 


(note  that  Eq.  3  was  substituted  for  If^d  when  simplifying  Eq.  8).  The  increment  in  frictional 
work  performed  during  loading  is  given  by  the  incremental  sliding  distance  (Slgiide)  niultiplied 
by  the  frictional  force  (TtdfXddz).  Using  an  approach  similar  to  that  discussed  by  Thouless  (131 
for  monotonic  loading,  the  frictional  work  performed  du  ng  loading  from  to  Oj^^x  ^ 
determined  by  integrating  over  the  active  slip  length: 


^load 


5lsiide(z)  (jtdrCdldz  = 


JcdfC^Aa^ 

(3)(64)vfEfXd 


(9) 


where,  Ac  =  Cj^ax  '  *^min>  ^he  factor  of  two  is  used  to  account  for  symmetry  of  the 
interfacial  slip-zones  (see  Fig.  2). 


Upon  unloading  from  ^  reversed  slip-zone  of  length  lrev(®)  develops: 

Cdf 

max  ■  ^min  <  ^  <  ^max  (10) 

The  frictional  work  performed  during  unloading  can  be  shown  to  be  equal  to  that  for  loading 
(this  can  be  shown  using  an  analysis  similar  to  that  used  to  derive  Eq.  9).  Thus  the  total  work 
performed  in  one  complete  loading-unloading  cycle  becomes: 


w 

lolal 


=  2W 


load 


TtdfC^Ao^ 

U3)(64)VfEftj, 
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Dividing  Eq.  1 1  by  the  unit  cell  volume,  Tcdf^l/dvf  (see  Fig.  2),  and  multiplying  by  the  loading 
frequency/,  gives  the  total  frictional  energy  dissipation  per  unit  volume: 


dwfric  _  /C^dfAa^ 
dt  24Efkd 


Note  that  the  above  analysis  holds  even  if  full  frictional  slip  occurs  during  initial  loading  to 
Omax'  (path  OA');  the  only  requirement  is  that  fuU  slip  does  not  occur  during  subsequent  loading 
between  o^ax  ‘^min'  (path  BB').  The  case  where  both  partial  and  full  frictional  slip  occur 
within  the  same  fatigue  cycle  is  analyzed  below. 


Case  II:  Partial/full  frictional  slip.  As  with  case  I  (partial  frictional  slip),  the  specimen  is 
first  loaded  from  zero  stress  to  a  stress  amax’  (path  OA’).  If  Omax’  of  sufficient  magnitude, 
the  interfacial  slip- zones  will  become  saturated  at  an  intermediate  level  of  stress  denoted  by  Oslip 
(i.e.,  at  Oslip,  interfacial  slip  occurs  over  a  distance  equal  to  the  mean  crack  spacing  1).  During 
initial  loading  along  path  OA',  the  applied  stress  level  at  which  full  frictional  slip  begins  is 
determined  by  the  interfaciai  shear  stress  and  mean  crack  spacing  1 : 
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Upon  unloading  from  cTmax'  ^  intermediate  stress  a,  full  frictional  slip  will  begin  when  the 
change  in  stress  equals  2aslip.  After  unloading  to  Omin  (path  A'B),  the  residual  stress-state 
shown  in  Fig.  4  will  exist.  Reloading  from  Ojnin  to  an  intermediate  stress  o  gives  rise  to  a 
forward  slip-zone  of  length  lfwd(‘^)  (®^^  ^'8-  ‘^)- 
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If  the  stress  range  during  subsequent  loading  to  ^‘^ceeds  2o^|jp,  full  frictional  slip 

occurs.  As  the  stress  is  increased  beyond  that  necessary  to  initiate  full  slip,  the  addilional 
increment  in  e.\temal  load  is  supported  only  by  the  fibers.  To  determine  the  work  performed  in 
the  frictional  slip  of  fibers,  the  loading  path  must  be  divided  into  two  regimes:  (i)  a  partial  slip 
regime  which  occurs  for  C5min<  ^  <  ^min+  ^^slip  ^  ^gime  which  occurs  for 

^min  +  2<7siip  <  ot  <  Ornax-  Since  the  work  performed  during  loading  and  unloading  are  equal, 
only  the  work  performed  during  loading  is  considered  in  the  analysis  which  follows. 

(i)  Partial  slip:  (?niin  <7  <  Ornin  ~^r.lip~  Within  this  interval,  the  analysis  is  similar  to  case 
I.  The  changes  in  fiber  and  matrix  stress  along  the  interface  which  occur  during  the  loading 
portion  of  the  fatigue  cycle  can  be  determined  by  graphical  analysis  of  the  residual  (prior)  and 
current  stress  states  shown  in  Fig.  4.  As  with  ca.se  I  (Eq.  9),  the  stress  increments  can  be  u.sed 
to  determine  the  relative  incremental  di.splacement  between  the  fiber  and  matrix,  which 

can  then  be  integrated  to  determine  an  expression  for  the  frictional  work  performed  during 
loading: 
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(ji)  Fqll  slip;  Gmin  +  <,.g_<  a^ax-  In  this  interval,  the  forward  slip  length,  lfw(j' 

equals  one-half  of  the  mean  crack  spacing,  T.  As  noted  above,  once  full  frictional  slip  occurs,  the 
additional  load  is  supported  entirely  by  the  fibers;  no  further  change  in  matrix  stress  occurs.  The 
incremental  changes  in  axial  stress  in  the  fiber  and  matrix  which  occur  during  loading  are: 
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Since  only  the  fibers  undergo  additional  loading,  the  strain  increment  (5op(z)/E{-)  is  constant 
within  a  slip-zone.  When  this  condition  is  reached,  the  relative  incremental  displacement 
between  the  fiber  and  matrix  at  a  distance  z  from  the  edge  of  the  slip-zone.  ‘^IsHde^^-^- 


increment  in  fiber  iisplacement,  5lp,'z): 
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Within  the  range  Omin  "*■  “‘^slip  <  ^max>  ^^e  frictional  work  performed  during  loading  to 
Omax  be  obtained  by  integrating  Eq.  18  over  the  active  slip  length  (i.e.-  from  z  =  0  to  z  = 
1/2): 
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Adding  Eqs.  15  and  19,  the  total  frictional  work  performed  during  loading  from  to  CT,-,iax 
can  be  expressed  as 
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As  noted  earlier,  the  frictional  work  performed  during  loading  and  unloading  are  equal;  thus, 
^total  “  2WiQa(j.  Substituting  4T(jr/Cdf  for  2a5iip  in  Eq.  20,  dividing  by  the  unit  cell  volume, 
and  multiplying  by  the  loading  frequency/,  gives  the  total  frictional  work  rate  when  both  partial 
and  full  frictional  slip  occur  within  a  fatigue  cycle: 


dwfHc  ._2/lXaAq  16/1^ 
dt  dfEf  3EfCd^ 

Calculation  of  heat  loss  during  fatigue 

Assuming  a  steady-state  microstructural  damage  state  and  temperature  rise  has  been  attained 
in  a  composite  during  cyclic  loading,  and  neglecting  other  modes  of  energy  dissipation,  the  heat 
loss  from  the  composite  to  isothermal  surroundings  must  equal  the  work  performed  in  the 
frictional  slip  of  fibers.  For  a  fatigue  specimen,  such  as  that  shown  in  Fig.  5,  convective  and 
radiative  heat  losses  ((dq/dtl^.onv  ^nd  [dq/dtlrjjj,  respectively)  will  occur  from  the  specimen 
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surface  (the  surface  area  is  denoted  by  Ajyjf).  Additional  heat  loss  by  conduction  ((dq/dtl^ond) 
will  occur  through  a  cross-section  which|is  perpendicular  to  the  fibers  (denoted  by  ITie 

total  rate  of  heat  loss  per  unit  volume,  dq/dt,  is  given  in  terms  of  the  surface  temperature  of  the 
specimen  T^,  air  temperature  T^,  convective  heat  transfer  coefficient  h,  emissivity  c,  and  the 
thermal  conductivity  of  the  composite  parallel  to  the  fibers 
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where,  p  is  the  Stefan-Boltzman  constant  (5.67  x  lO’^  W/m^K^),  [AT/Azlaxial 
temperature  gradient  at  the  end  of  gage-section  and  V  is  the  gage-section  volume.  It  is  important 
to  note  that  as  an  alternative  to  estimating  dq/dt  from  Eq.  22  (which  requires  measurement  of  the 
temperature  rise,  (Tg  -  T^)),  the  energy  dissipation  during  cyclic  loading  can  be  estimated  by 
calculating  the  area  enclosed  by  a  cyclic  stress-strain  (hysteresis)  curve  and  multiplying  by  the 
loading  frequency /(this  also  provides  a  means  by  which  the  accuracy  of  the  heat  loss  analysis 
can  be  determined).  Under  steady-state  conditions,  the  mechanical  work  performed  in  the 
frictional  slip  of  fibers  dwfj-jc/dt  (Eq.  12  or  21)  must  equal  the  rate  of  heat  loss  to  the 
surroundings  dq/dt  (Eq.  22).  Thus  equating  dwfj.jc/dt  to  dq/dt  (or  alternatively  equating  dwfrio/dt 
to  the  energy  dissipation  calculated  from  cyclic  stress-strain  curves)  provides  an  equation  where 
the  only  unknown  is  the  frictional  shear, 


IV.3  (Application  of  Model 

To  illustrate  the  application  of  the  analysis  discussed  above,  the  frictional  shear  stress  present 
in  a  unidirectional  Nicalon™/CAS-II  composite^  will  be  estimated.  The  technique  involves 
conducting  tension-tension  fatigue  experiments  and  determining  the  rate  of  energy  dissipation. 
Prior  to  conducting  the  fatigue  experiments,  it  is  important  that  a  stable  matrix  crack  spacing  has 
been  achieved;  this  is  most  easily  accomplished  by  pre-fatiguing  a  specimen  at  a  maximum  stress 
^For  a  general  discussion  of  heat  transfer  the  reader  is  referred  to  Holman  (15). 

^Composites  manufactured  by  Coming  Glass  Works,  Corning,  NY.  CAS-Il  's  the  Corning  Glass  Works 
designation  for  a  calcium-aluminosilicate  matrix. 
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which  is  equal  to  or  greater  than  the  peak  stress  used  in  the  subsequent  fnctionai  heating 
experiments  used  to  determine  energy  dissipation. 

The  16'ply  composite  was  processed  with  35  vol.  %  fibers.  Edge-loaded  tensile  specimens, 
with  a  33  mm  gage-length,  were  used  in  the  fatigue  experiments  (Pig.  5).  The  experiments  were 
performed  in  air  using  an  isothermal  test  chamber  which  completely  surrounded  the  specimen 
and  grips  [7],  The  chamber  was  held  at  a  temperature  of  293  K  ±0.1K;  the  relative  humidity 
within  the  chamber  was  65%.  All  fatigue  experiments  were  conducted  at  a  sinusoidal  loading 
frequency  of  25  Hz.  The  temperature  rise  at  the  specimen  surface  was  measured  using  a  high- 
resolution  infrared  pyrometer^  which  was  focused  at  the  center  of  the  specimen  gage-section. 
The  cyclic  stress-strain  curves  were  also  recorded  to  allow  comparing  the  frictional  energy 
dissipation  with  dq/dt  (Eq.  22).  Funher  details  concerning  the  experimental  procedure  can  be 
found  in  References  6  and  7. 

To  achieve  a  constant  matrix  crack  spacing  prior  to  measurement  of  the  temperature  rise,  a 
specimen  was  first  pre-fatigued  for  100,(XX)  cycles  between  fixed  stress  limits  of  180  MPa  and 
10  MPa  (Fig.  6a).9  After  approximately  20,000  cycles,  the  mean  crack  spacing  approached  a 
plateau  at  approximately  198  pm  (the  crack  spacing  was  determined  by  periodically  unloading  the 
specimen  and  using  surface  replication  with  acetate  film).  Next,  as  illustrated  in  Fig.  6a,  the 
specimen  was  subjected  to  cyclic  loading  at  stress  ranges  of  90,  110  and  130  MPa.  Several 
stress  ranges  were  included  to  determine  the  sensitivity  of  the  technique  to  peak  stress  and  stress 
range  and  to  provide  confidence  in  the  data  trends.  Since  the  amount  of  energy  dissipation  is 
influenced  by  matrix  crack  spacing,  it  is  important  that  the  maximum  stress  used  in  the  pre¬ 
fatigue  experiment  is  not  exceeded.  The  steady-state  temperature  rise  measured  for  each  stress 
range  is  shown  in  Fig.  6b.  Measurements  of  the  average  crack  spacing,  which  were  made  after 
each  constant  stress-range  experiment,  showed  that  the  crack  spacing  remained  essentially 
constant  at  198  pm. 

Using  the  data  given  in  Table  1,  and  the  temperature  rise  data  given  in  Fig.  6b,  the  dynamic 
shear  stress  was  determined  for  the  two  frictional  work  cases  discussed  above  -  i.e.,  partial  slip 
and  partial/full  frictional  slip.  Assuming  partial  frictional  slip,  and  using  Eqs.  12  and  22  for  the 
^Everest  Imcrscicnce  Inc.,  Fullerton,  CA,  USA.  Model  No.  5402. 

^A  peak  stress  below  the  proportional  limit  strength  (225  MPa  f61)  was  chosen  to  minimi/.c  I  iber  iracturc. 
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energy  balance,  would  be  between  3.5  MPa  to  4,5  MPa  tor  the  three  stress  ranges  examined 
(see  Fig.  7).  Assuming  partial/full  fric'ional  slip  occurs  during  fatigue,  and  using  Fqs.  21  and 
22,  would  be  approximately  0.4  MPa  for  all  stress  ranges.  F.xperiments  conducted  on  two 
additional  specimens  gave  essentially  the  same  values  for  frictional  shear  stress  (the  values 
differed  by  less  than  5%).  As  mentioned  above,  as  an  alternative  to  calculating  the  rate  of  heat 
loss  from  Eq.  22,  the  energy  dissipation  can  be  determined  from  the  cyclic  stress  strain  curves 
and  equated  directly  to  Eqs.  12  or  21.  Using  this  approach  provided  results  which  were  similar 
to  those  obtained  by  using  the  heat  loss  equation  (the  comparison  for  the  case  of  panial  frictional 
slip  is  shown  in  Fig.  7). 

To  determine  which  analysis  ii.e.,  panial  slip  or  panial/full  slip)  w-as  applicable  for  the 

temperature  and  loading  conditions  which  were  examined,  the  expenmentaily  measured  cyclic 

stress-strain  cur.^es  (Fig.  8a)  were  compared  with  those  predicted  values  of  frictional 

shear  stress  calculated  above.  To  calculate  the  cyclic  stress-suain  curves,  the  stress  and  strain 

distribution  in  the  fiber  was  estimated  for  the  cases  of  partial  slip  and  partial/full  slip  (a  graphical 

approach  similar  to  that  shown  in  Figs.  3  and  4  -.<?  used  to  determine  the  stress-strain 

curves).’®  Figure  8b,  shows  the  calculated  cyclic  stress-strain  curves  for  the  partial  slip 

assumption.  Although  the  predicted  modulus  was  much  higher  than  the  experimentally  measured 

modulus,  the  dependence  of  average  modulus  on  stress  range  showed  a  similar  trend  (i.e.,  in 

both  instances,  the  average  modulus  decreased  as  the  maximum  fatigue  stress  was  increased)”. 

This  trend  is  consistent  with  partial  slip  behavior.  Assuming  partial/full  slip  occurs  during  the 

fatigue  cycle  (tj  =  0.4),  the  average  modulus  would  remain  constant  as  the  maximum  fatigue 

stress  is  increased  -  this  result  is  not  consistent  with  the  experimentally  observed  trend  shown  in 

Fig.  8a.  For  the  case  of  panial  slip,  the  discrepancy  between  the  calculated  modulus  and  the 

experimentally  measured  modulus  is  thought  to  arise  from  fiber  fracture  which  occurred  during 

the  initial  fatigue  experiments  which  were  conducted  between  stress  limits  of  10  MPa  and  180 

MPa  (note  that  fiber  fracture  was  not  included  when  determining  the  theoretical  stress-strain 

curves).  Although  fiber  fracture  was  not  included  in  the  analysis  of  frictional  energy  dissipation, 

’®Froni  the  axial  slrcs.s  distribution  in  the  fiber,  the  axial  strain  in  the  slip-zones  is  found  directly  through 
integration  of  the  displacement.  Within  the  regions  bridged  by  fibers,  the  additional  .strain  resulting  from  fiber 
loading  is  given  by  o/V|-Ef. 

’  *The  decrease  in  modulus  is  cau.scd  by  the  increase  in  the  slip-zone  length  which  tKCurs  as  the  applied  strcs.s  is 
increased. 
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the  total  number  of  fractured  fibers  would  be  small  for  the  loading  histories  examined.  Thus, 
since  the  majority  of  interfaciai  slip-zones  would  still  be  populated  by  unfracturcd  fibers,  the 
error  introduced  in  the  calculation  of  shear  stress  by  neglecting  the  slip  of  fractured  fibers  is 
expected  to  be  small. 

From  the  discussion  presented  above,  the  partial  slip  analysis  is  appropriate  for  determining 
the  interfaciai  shear  stress  present  in  the  specific  composite  and  loading  conditions  used  in  the 
frictional  heating  experiments  -from  Fig.  7,  the  dynamic  shear  stress  is  between  approximately 
3,5  to  4  5  MPa.  Wang  and  Parvizi-Majidi  1 17]  have  measured  the  frictional  shear  stress  in 
Nicalon™/CAS-II  composites;  i  shear  stress  ranged  from  12.4±2.6  for  fiber  pushout 
experiments,  to  17.7±2.6  MPa  for  fiber  push-in  experiments.  These  values  correspond  to  the 
frictional  shear  stress  which  would  be  present  in  virgin  material  immediately  after  interfaciai 
debonding.  Under  cyclic  loading,  however,  the  repeated  frictional  sliding  of  fibers  {either 
fractured  or  unfractured)  can  produce  wear  damage  along  the  fiber-matrix  interface.  Thus  the 
relatively  low  value  of  frictional  shear  stress  (3.5  to  4.5  MPa)  which  was  found  in  the  present 
paper  is  most  likely  a  consequence  of  interfaciai  wear  damage  that  occurred  during  the  fatigue 
experiments.  Evidence  for  a  reduction  in  frictional  shear  stress  caused  by  the  fatigue  loading  of 
composite  materials  has  been  obtained  from  fiber  pushout  experiments  conducted  by  Mackin  et 
al  [8]  on  Ti-vanadium  composites.  Singh  and  Sutcu  [18]  have  also  observed  a  decrease  in 
frictional  shear  during  repeated  fiber  pushout/pushback  experiments  conducted  with  SiC/zircon 
composites. 


IV.4  Summary 

A  new  technique  for  estimating  the  interfaciai  shear  stress  present  during  the  cyclic  loading  of 
fiber-reinforced  ceramics  has  been  developed.  To  generalize  the  model,  it  will  be  necessary  to 
include  the  influence  of  fractured  fibers  on  the  frictional  energy  dissipation  which  occurs  during 
fatigue;  this  will  require  knowledge  of  the  statistical  distribution  of  fiber  strength  and  the  failure 
location  of  fibers.  A  potential  advantage  of  the  frictional  heating  technique  for  determining 
interfaciai  shear  stress  is  that  an  average  value  of  frictional  shear  stress  is  obtained,  rather  than  a 
value  based  upon  discrete  measurements  made  on  individual  fiber/matrix  interfaces.  The 
technique  can  aLso  be  readily  extended  to  allow  determining  the  temperature  dependence  of 
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interfacial  shear  stress.  Also,  since  the  temperature  rise  can  be  determined  on  a  continuous  basis, 
it  is  possible  to  continuously  monitor  the  change  in  frictional  shear  stress  which  occurs  during 
cyclic  loading  [7];  this  may  be  a  useful  approach  for  determining  the  influence  of  fiber  coatings 
on  the  rate  of  interfacial  wear.  A  limitation  of  the  proposed  frictional  heating  technique  is  that  it 
can  only  provide  information  concerning  the  frictional  shear  stress  which  exists  during  cyclic 
loading.  Other  well  established  approaches,  such  as  fiber-pushout  [1,2]  and  fiber  pull-out 
experiments  [3,4],  are  required  to  determine  the  shear  required  to  initiate  debonding,  and  the 
frictional  shear  stress  which  is  present  immediately  after  the  debonding  of  virgin  interfaces. 
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Table  I.  Data  used  to  estimate  for  a  unidirectional  i6-ply  Nicalon™/CAS-ll  composite. 

Parameter  COflllTlgJQlS 

^surt  (surface  area  of  specimen  gage  section)  =  662.6  mm^  *^'9  5 

\ond  (cross-sectional  area  of  specimen  gage  section)  =  23  3  mm^ 

(tensile  modulus  of  fiber)  =  200  GPa  Ref.  14 

Efp  (tensile  mockjlus  of  matrix  }  =  88  GPa 

/(  toading  frequency  used  in  fatigue  experiments)  =  25  Hz  — 


h  (free  convection  heat  transfer  coefficient)  Ref.  1 5* 

k  (thermal  conductivity  of  composite  parallel  to  the  fibers)  =  5.16  W/m-K  Ref.  16 

I  (mean  crack  spacing)  =198  pm  from  mcroscopy 

V{  (fiber  volume  fraction)  =  0.35 

AT  (steady-state  temperature  rise)  Fig,  6b 

(AT/Azlaxial  (average  axial  temperature  gradient  from  edge  of  gage-section  to  grips) 

V  (gage  section  volume)  =  768.9  mm^  P'9  5 

e  (surface  emissivity  of  composite)  =  1 .0  assumed  value 


1.42  (units:  W/m^-K]. 


L  refers  to  the  gage-section  length. 
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Fig.  1.  Loading  path  used  to  calculate  the  frictional  energy  dissipation  in  fiber- reinforced 
ceramics  subjected  to  cyclic  loading.  Consistent  with  the  experiments  used  to  obtain  a  stable 
crack  density  prior  to  temperature  rise  measurements,  initial  fatigue  is  assumed  to  occur  between 
stress  littdts  of  CTjjiax'  ^min'  AA’).  Subsequent  fatigue  cycles  occur  at  a  lower  stress 
range,  between  stress  limits  of  and  (path  BB’). 


Fig.  2.  Axial  stress  distribution  in  the  matrix  and  fiber  during  initial  monotonic  loading  from 
zero-stress  to  an  intermediate  stress  level  a.  As  a  simplification,  the  shear  stress  is  assumed  to  be 
constant  within  the  interfacial  slip-zones  of  length  If  (an  exact  solution  for  the  stress  distribution 
can  be  found  in  Reference  [7]).  The  unit  ceil  has  a  length  equal  to  the  experimentally  detennined 
mean  crack  spacing  1. 
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Axial  disunca 


Fig.  3.  Stress  distribution  in  the  matrix  during  loading  and  unloading  for  the  case  of  paraal  slip. 
Loading  is  assumed  to  occur  from  cTfjjjn  to  an  intermediate  stress  a.  Unloading  occurs  from 
^max 


Fig.  4.  Stress  distribution  in  the  fiber  and  matrix  during  loading  and  unloading  for  the  case  of 
full  frictionai  slip.  The  composite  is  loaded  or  unloaded  to  an  intermediate  stress  cr.  During  the 
initial  stage  of  loading  and  unloading  partial  slip  occurs:  for  this  stage  of  loading  only  those 
regions  where  z  2: 0  contribute  to  the  frictional  work.  At  higher  stress  levels,  full  ftictionai  slip 
occurs  throughout  the  inierfacial  slip  zones  (in  this  instance,  z  =  1/2). 


Cycles  80  120  160  200 

Peak  stress,  MPa 

(a)  (b) 

Figs.  6a  and  b.  (a)  Loading  history  used  to  determine  the  influence  of  stress-range  on 
temperature  rise.  To  achieve  a  stable  crack  density,  the  specimen  was  initiaily  fatigued  between 
stress  limits  of  180  MPa  and  10  MPa.  Subsequent  fatigue  experiments  were  conducted  for 
25,000  cycles  each.  All  experiments  were  conducted  at  a  loat^g  frequency  of  25  Hz.  The 
stress  range  (in  MPa)  is  given  above  each  group  of  stress-cycle  curves,  (b)  Temperature  rise 
versus  stress  range  for  unidirectional  Nicalon™/CAS-II.  The  initial  temperature  of  the  composite 
was  293  K. 
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Fig.  7.  Dynamic  fricrional  shear  stress,  estimated  from  £q.  12.  The  shear  stress  was 
determined  for  a  loading  frequency  of  25  Hz  For  comparison,  bodi  temperature  rise  dam  and  the 
cyclic  stress-strain  (hysteresis)  curves  were  used  to  determine  the  frictional  energy  dissipation. 
Both  approaches  provide  similar  results. 
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Nlcalon™/CAS-ll 
,25  Hz,  !’=  198 
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Strain,  pet. 


Nlcalon™/CAS-ll 
(analytical  prediction 
for  T  =  4.2  MPa) 


2  120 
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Figs.  8a  and  b.  Hysteresis  curves  formed  during  the  cyclic  loading  of  unidirectional 
Nicalon™/CAS-II.  (a)  Experimentally  measured,  (b)  Analytical  prediction  for  the  case  of  partial 
frictional  slip.  The  average  modulus  for  the  fatigue  cycle  is  shown  above  each  curve  (units: 
GPa). 
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V.  Influence  of  Fatigue  Loading  History  and  Matrix  Damage  on 
Frictional  Heating  in  Fiber-Reinforced  Ceramics 

V.l  Introduction 

During  cyclic  loading,  considerable  hysteresis  in  the  stress-strain  response  of  fiber- 
reinforced  ceramics  is  commonly  observed  at  ambient  and  elevated  temperatures.  ^  This 
hysteresis,  which  is  a  measure  of  the  energy  dissipation  during  a  fatigue  cycle,  is  related  to  the 
frictional  slip  of  fibers  along  debonded  interfacial  slip-zones. The  repeated  frictional 
sliding  of  fibers  can  give  rise  to  very  substantial  internal  heating  during  the  cyclic  loading  of 
fiber-reinforced  ceramics. ^ O' ^  ^  For  example,  a  temperature  rise  of  30  K  was  observed 
during  the  room  temperature  fatigue  of  cross-ply  Cf/SiC  composites  at  85  Hz  between  stress 
limits  of  250  MPa  and  10  MPa.^0  a  more  dramatic  temperature  rise  of  50  K  has  been 
measured  during  the  fatigue  of  unidirectional  SiC-fiber/calcium-aluminosilicate  matrix 
composites  at  25  Hz  between  stress  limits  of  240  MPa  and  10  MPa.  ^  ^ 

The  occurrence  of  frictional  heating  in  ceramic  matrix  composites  is  of  both  practical  and 
fundamental  significance.  From  a  practical  viewpoint,  fiber-reinforced  ceramics  are  under 
development  for  use  in  advanced  gas-turbines,  heat  exchangers  and  space-based  stmctures. 
For  these  applications,  a  temperature  rise  caused  by  frictional  heating  could  result  in 
unacceptable  dimensional  changes,  as  well  as  changes  in  the  mechanical  behavior  and 
thermophysicai  properties  of  the  composite.  From  a  fundamental  viewpoint,  the  temperature 
increase  which  occurs  during  fatigue  could  alter  the  interfacial  shear  stress  in  a  composite 
(through  differential  thermal  expansion  between  the  fiber  and  matrix),  leading  to  a  frequency 
dependence  of  mechanical  behavior,  including  toughne.ss,  strength,  modulus,  fatigue  life  and 


38 


mechanical  damping.  It  is  also  possible  that  differential  thermal  expansion  between  the  fiber 
and  matrix  could  cause  the  further  extension  of  initial  interfacial  debonding.  As  a  consequence 
of  the  low  thermal  conductivity  of  many  ceramic  matrices,  the  local  temperature  rise  in  the 
vicinity  of  the  fiber-matrix  interface  may  be  significandy  higher  than  the  bulk  temperature  rise. 
Independent  of  the  operating  temperature  of  a  component  or  structure,  a  further  temperature 
increase  at  the  interface  (by  frictional  heating)  could  result  in  an  increased  rate  of  chemical 
diffusion  near  the  fiber/matrix  interface.  For  applications  where  energy  dissipation  is  desired, 
frictional  heating  could  be  an  asset,  since  it  provides  a  potent  mechanism  for  the  dissipation  of 
mechanical  energy  during  monotonic  and  cyclic  loading. 

The  present  paper  builds  upon  an  earlier  experimental  investigation  of  frictional  heating  in 

fl  2 

SiC-fiber/calcium-aluminosilicate  composites  (hereafter  referred  to  as  Nicalon/CAS-II) 
which  established  a  correlation  between  the  initiation  of  matrix  cracking  and  the  onset  of 
frictional  heating.^  ^  Specifically,  this  paper  examines  the  relationship  between  stress  range, 
loading  frequency  and  matrix  crack  spacing  on  the  magnitude  of  frictional  heating  and  the 
change  in  interfacial  shear  stress  which  occurs  during  the  fatigue  of  Nicalon/CAS-II 
composites. 


V,2  Experimental  Procedure 

Material,  specimen  geometry  and  test  method.  A  16-ply  unidirectional  Nicalon/CAS-Il 
calcium-aluminosilicate  matrix  composite  was  used  in  this  investigation.  The  composite. 


fl^Composiies  prcKCSscd  by  Corning  Inc.,  Coming,  NY,  USA.  Nicalon  is  the  designation  for  SiC-fibers 
produced  by  Nippon  Carbon,  Tokyo  Japan.  CAS-il  is  the  Coming  designation  for  the  calcium 
aluminosilicate  matrix  used  in  this  composite  system. 
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formed  by  hot-pressing  into  rectangular  billets,  had  a  nonnnal  fiber  content  of  35  voi. 
Edge-loaded  tensile  specimens  with  a  33  mm  gage-length  (see  Fig.  1 )  were  machined  from 
billet  using  diamond  tooling.  Specimens  were  removed  from  the  billet  such  that  the 
reinforcing  fibers  were  parallel  to  the  tensile  loading  axis.  An  optical  micrograph  showring  the 
typical  fiber  distribution  in  the  specimens  is  shown  in  Fig.  2.  The  minor  faces  of  the 
specimen  gage-section  were  polished  with  diamond  paste  to  an  0. 1  p,m  finish  to  allow  acetate- 
film  replicas  of  surface  cracking  to  be  obtained. 


Monotonic  tension  and  tension-tension  fatigue  testing  was  conducted  on  an  MTS  Model 
810  servohydi aulic  load-frame^l^  equipped  with  edge-loaded  grips.  Details  of  the  gripping 
arrangement  and  typical  bending  strains  have  been  discussed  elsewhere.  *  ^  a  water-cooled 
test  chamber,  which  completely  surrounded  the  specimen  and  grips  (see  Fig.  3),  was  t  oed  to 
maintain  the  air  temperature  in  the  vicinity  of  the  specimen  at  293  ±0. 1  K.  The  relative 
humidity  within  the  chamber  was  between  65%  and  67%.  Gage-section  strains  were 
measured  using  a  clip-on  extensometer.^^  The  extensometer  was  mounted  along  one  of  the 
specimen  edges  (Fig.  3).  Extensometer  and  load-cell  signals  were  gathered  using  a  high¬ 
speed  16-bit  resolution  data  acquisition  system.^S  During  the  fatigue  experiments,  the 
specimen  temperature  was  measured  with  an  infrared  pyrometer  which  was  focused  at  the 
center  of  the  specimen  gage-section  to  a  diameter  of  5  mm.^fi  The  pyrometer  had  a 
resolution  (background  noise  level)  of  0.1  K  and  a  respon.se  time  of  300  ms.  The  pyrometer 

Systems  Corporation,  Minneapolis,  MN,  USA. 

Systems  Corporation.  Minneapolis,  MN,  USA.  Model  No.  632.278-20;  modified  for  a  33 
mm  gage  length. 

In.stnjmcnLs,  Sommcrvillc.  MA.  USA.  Model  MBC-625  with  16-bit  50  kHz  daughterboards. 
*^^%vcrest  Intcrscicncc  Inc.,  Fullerton,  CA,  USA.  Model  No.  5402. 
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data  was  ::ollected  by  a  separate  16-bit  resolution  data  acquisition  sysiernJl^  The 
temperature  within  the  isothermal  lest  chamber  was  allowed  to  equilibrate  for  5  h  prior  to 
starting  the  fadgue  experiments.  Monotonic  tensile  tests  and  the  initial  loading  ramps  used  in 
the  fatigue  experiments  were  conducted  at  a  constant  loading  rate  of  I(X)  MPa/s.  A  rapid 
loading  rate  was  used  to  prevent  time-dependent  matrix  cracking.^lS  All  fatigue  experiments 
were  performed  under  load-control  using  a  sinusoidal  waveform. 

The  fatigue  tests  were  periodically  interrupted  to  obtain  surface  replicas  of  matrix  crack 
spacing:  a  stress  of  10  MPa  was  maintained  on  the  specimen  while  taking  the  replicas. 
Although  crack  definition  could  be  improved  slightly  by  increasing  the  tensile  stress  at  which 
the  replicas  were  taken,  the  use  of  a  higher  stress  (e.g.,  50  MPa)  was  found  to  cause  time- 
dependent  matrix  cracking  within  the  5  minutes  required  to  obtain  a  replica.  Time  dependent 
cracking  was  observed  only  during  the  initial  stages  of  fatigue  -  prior  to  the  establishment  of  a 
stable  crack  density.  Surface  replicas  were  obtained  from  only  one  of  the  specimen  edges  (the 
location  of  the  extensometer  prevented  taking  replicas  along  both  edges).  However,  results 
obtained  from  several  trial  experiments  conducted  without  the  extensometer  showed  that  the 
average  crack  spacing  along  the  two  edges  typically  differed  by  only  2  to  4  pm.  Moreover, 
these  trial  experiments  showed  essentially  identical  results  when  measurements  of  crack 
spacing  were  made  along  the  broad  faces  of  the  gage-section.  To  obtain  confidence  in  the  data 
trends,  at  least  140  crack  pairs  were  measured.  Using  optical  and  scanning  electron 

fl^Stiawberry  Tree  Computers,  Sunnyvale,  CA,  USA.  Model  No.  ACM2-16 
^Time-dependent  matrix  cracking  at  room  temperature  can  significantly  influence  the  proportional  limit 
stress,  ultimate  strength  and  overall  shape  of  die  monotonic  stress-strain  curve  for  fiber-reinforced  ceramics. 
This  effect  is  most  apparent  when  loading  rates  below  10  MPa/s  arc  used;  for  most  ceramic  composites,  loading 
rates  of  50  to  500  MPa/s  give  e.sscntially  identical  stress-strain  curves. 
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microscopy  of  the  surface  replicas,  tl.e  average  crack  spacing  could  be  confidently  determined 
to  within  ±2.0  (im. 


V.3  Results  and  Discussion 

Tensile  behavior.  The  monotonic  tensile  behavior  of  the  Nicalon/CAS-ll  composite  at 
293  K  is  shown  in  Fig.  4.  The  initial  deviation  from  linear  behavior  occurred  at 
approximately  225  MPa;  using  notation  introduced  by  Prewo  and  co-workers^’^,  this  stress 
level  will  be  referred  to  as  the  proportional  limit  strength,  Opj.  The  proportional  limit 
corresponds  to  the  occurrence  of  a  mechanically  detectable  amount  of  matrix  or  fiber  damage. 
Wnen  defined  in  this  manner,  the  value  assigned  to  the  proportional  limit  strength  is 
influenced  by  the  sensitivity  of  the  extensometer  and  load  cell,  as  well  as  the  loading  or 
displacement  rate  used  during  monotonic  loading.  As  discussed  belo  * .  during  fatigue,  matrix 
cracking  was  first  observed  at  a  peak  stress  of  120  MPa,  which  is  approximately  50%  below 
the  monotonic  proportional  limit  strength  measured  with  virgin  specimens. 

Initiation  of  frictional  heating.  Although  discussed  in  detail  elsewhere  ^  ^  it  is  convenient 
to  briefly  review  recent  experimental  results  which  showed  that  the  onset  of  frictional  healing 
during  cyclic  loading  coincides  with  the  initiation  of  matrix  cracking.  To  establish  this 
correlation,  an  experiment  was  conducted  wherein  the  peak  fatigue  stress  was  increased  in  20 
MPa  steps  from  100  MPa  to  260  MPa.  During  this  experiment,  which  was  conducted  at  a 
sinusoidal  loading  frequency  of  25  Hz,  the  minimum  fatigue  stress  was  held  constant  at  10 
MPa.  The  specimen  was  fatigued  for  25,000  cycles  at  each  peak  stress.  The  initiation  of 
matrix  cracking,  and  subsequent  change  in  crack  spacing  as  the  peak  stress  was  increased, 
was  determined  by  taking  surface  replicas  after  the  first  fatigue  cycle  and  at  the  completion  of 
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each  25,000  cycle  fatigue  loading  block. 

Based  upon  two  test  results,  neither  a  temperature  rise  or  matrix  cracking  were  observed  at 
100  MPa.  Coinciding  with  the  formation  of  several  matrix  cracks,  a  temperatii''e  rise  of  0.3 
K  to  0.4  K  was  measured  at  a  peak  fatigue  stress  of  120  MPa.  As  mentioned  earlier,  this 
stress  is  approximately  50%  below  the  monotonic  proportional  limit  strength  of  the 
composite.  Noting  that  interfacial  debonding  and  the  formation  of  interfacial  slip-zones 
typically  accompanies  matrix  cracking,  this  result  provided  experimental  confirmation  that  the 
frictional  sliding  of  fibers  is  responsible  for  the  internal  heating  which  occurs  in  fiber- 
reinforced  ceramics.  The  experiment  was  continued  at  higher  peak  stresses  to  investigate  the 
relationship  between  maximum  temperature  rise,  stress  range  and  mean  crack  spacing.  The 
temperature  rise  curves  are  shown  in  Fig.  5.  As  shown  in  Fig.  6,  the  average  matrix  crack 
spacing  approached  an  approximate  plateau  between  pieak  stresses  of  200  MPa  and  240  MPa. 
For  a  constant  crack  spacing,  the  roughly  25  K  temperature  rise  between  200  MPa  and  240 
MPa  is  higher  than  the  temperature  rise  which  would  be  expected  based  solely  on  an  increase 
in  stress  range  (see  later  discussion).  Thus,  other  factors,  such  as  the  occurrence  of  additional 
fiber  fractures  and  an  increase  in  the  debond  length  of  fibers,  contribute  to  the  temperature 
rise. 

In  the  experiments  described  above,  no  attempt  was  made  to  separate  the  influence  of  peak 
fatigue  stress,  stress  range  and  matrix  crack  spacing  on  the  extent  of  frictional  heating.  The 
remainder  of  this  paper  discusses  experiments  which  were  performed  in  an  attempt  to  isolate 
the  effect  of  these  variables.  Whenever  possible,  the  experimental  trends  were  established 
using  a  single  specimen;  thus  avoiding  potential  errors  in  the  interpretation  of  the  experimental 
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results  that  could  arise  from  slight  variations  in  fiber  distribution  and  volume  fraction  between 
specimens. 

Influence  of  stress  range  and  peak  fatigue  stress  on  frictional  heating.  Trial  experiments 
had  shown  that  once  a  constant  crack  density  was  achieved  at  a  given  peak  stress,  fatigue  at 
peak  stresses  equal  to  or  below  this  stress  would  not  alter  the  crack  spacing.  Thus,  to 
determine  the  influence  of  peak  fatigue  stress  and  stress  range  on  temperature  rise  at  a  fixed 
crack  spacing,  a  series  of  constant  stress  range  experiments  were  conducted  using  a  specimen 
which  was  initially  "prefatigued"  for  100,000  cycles  at  25  Hz  between  fixed  stress  limits  of 
180  MPa  and  10  MPa.  Next,  an  experiment  was  conducted  wherein  the  stress  range  was 
held  constant,  while  the  peak  fatigue  stress  was  sequentially  increased  in  20  MPa  steps  up  to 
the  initial  pre-fatigue  stress  of  180  MPa.  Using  the  same  specimen,  this  experiment  was 
performed  at  stress  ranges  of  90,  110  and  130  MPa.  The  specimen  was  fatigued  for  25,000 
cycles  for  each  combination  of  peak  stress  and  stress-range.  A  schematic  of  the  loading 
history  is  shown  in  Fig.  7. 

During  prefatigue  at  180  MPa,  the  specimen  was  periodically  unloaded  to  10  MPa  to  allow 
measurement  of  the  matrix  crack  spacing.  From  these  measurements,  the  mean  crack  spacing 
approached  a  constant  value  of  198  (im  within  20,000  cycles  (see  Fig.  8).  After  an  initially 
rapid  decay,  the  cyclic  stress-strain  modulus  approached  an  approximate  plateau  within 
50,0(X)  cycles.  The  initial  decrease  in  modulus  is  attributed  to  matrix  cracking  and  interfacial 
debonding.  The  lag  in  stabilization  of  the  cyclic  stress-strain  modulus,  which  occurred  at  a 
slower  rate  than  stabilization  of  the  crack  spacing,  is  attributed  to  additional  interfacial 
debonding  which  would  continue  to  occur  even  after  a  constant  crack  spacing  was  achieved. 
A  slight  (<2%)  recovery  in  modulus  was  observed  between  approximately  75,(X)0  and 
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100,000  cycles;  as  discussed  later,  a  further  recovery  in  modulus  occurs  during  longer 
duration  fatigue  experiments.  A  similai'  modulus  recovery  has  been  observed  in  unidirectionai 
Nicalon/aluminosilicate  composites  13,  3-D  braided  SiCf/SiCl3  and  0°/90°  Cf/SiC^. 

The  matrix  crack  spacing  was  measured  at  the  completion  of  each  25,000  cycle  loading 
block  used  in  the  constant  stress  range  experiments;  the  matrix  crack  spacing  remained 
essentially  constant  at  198  |im  (as  mentioned  earlier,  the  crack  spacing  remains  constant  so 
long  as  the  pre-fatigue  stress  is  not  exceeded).  As  shown  in  Fig.  9a,  the  maximum 
temperature  rise  exhibited  an  approximately  linear  dependence  on  stress  range;  a  20  MPa 
increase  in  stress  range  resulted  in  an  average  temperature  increase  of  3.2  K.  In  contrast  to 
the  marked  sensitivity  to  stress  range,  the  temperature  rise  showed  only  a  weak  dependence 
on  peak  fatigue  stress.  For  example,  at  a  stress  range  of  90  MPa,  the  temperature  rise  varied 
by  less  than  1  K  when  the  peak  stress  was  increased  by  80  MPa  (see  Fig.  9a).  When  the 
maximum  temperature  rise  is  plotted  against  total  strain  range  (Fig.  9b),  an  approximately 
linear  relationship  is  found.  For  a  constant  crack  spacing,  the  frictional  sliding  distance  of 
fibers,  and  hence  the  amount  of  heat  energy  generated,  scales  with  the  specimen  strain  range. 
Thus,  the  linear  relationship  between  strain  range  and  temperature  rise  is  consistent  with  a 
mechanism  of  internal  heating  involving  the  repeated  frictional  sliding  of  fibers  within 
debonded  interfacial  slip-zones. 

Examination  of  Fig.  9b  shows  that  for  a  given  stress  range  the  temperature  rise  reached  a 
maximum  at  intermediate  levels  of  peak  stress.  In  Fig.  10,  the  hysteresis  curves  from  the 
experiments  conducted  at  a  constant  stress  range  of  1 30  MPa  are  plotted.  Comparison  of 
Fig.  9a  and  Fig.  10,  shows  that  the  peak  in  temperature  rise  corresponds  to  a  peak  in  energy 


45 


dissipation  at  intermediate  levels  of  peak  fatigue  stress.  The  mechanism  re.>ponsible  for  this 
peak  in  energy  dissipation  is  not  known  at  this  time.  It  is  also  interesting  to  note  that  the 
shape  and  area  of  the  hysteresis  envelope  formed  by  merging  the  individual  hysteresis  curves 
obtained  during  the  constant  stress  range  experiments  is  approximately  the  same  as  the 
hysteresis  curve  obtained  by  fatiguing  direcdy  between  the  extremes  of  the  stress  limits  used 
in  the  constant  stress  range  experiments  (in  this  case  between  180  MPa  and  10  MPa).  Thus, 
once  a  constant  crack  density  has  been  achieved  at  a  given  peak  stress  and  stress  range,  say 
for  example,  after  fatigue  between  180  MPa  and  10  MPa.  the  energy  dissipation  and 
temperature  rise  which  would  occur  at  lower  peak  stresses  can  be  estimated  from  the  IHO 
MPa/10  MPa  hysteresis  curves.  This  approach  would  drastically  reduce  the  number  of 
experiments  required  to  characterize  the  history  dependence  of  frictional  heating  which  occurs 
for  a  given  inau  L't  crack  spacing. 

Influence  of  crack  spacing  and  test  frequency  on  internal  heating.  For  a  mechanism  of 
internal  heating  involving  the  frictional  slip  of  fibers  along  interfacial  slip  zones,  the  extent  of 
internal  heating  will  depend  upon  the  total  number  and  length  of  the  debonded  slip-zones 
which  are  present  in  the  composite.  The  number  of  debonded  zones  is  a  function  of  the  mean 
crack  spacingl4-16,  which,  in  turn,  is  determined  by  the  maximum  fatigue  stress.  Since  the 
energy  dissipation  (as  heat)  depends  upon  the  number  of  slip-zones,  the  temperature  rise 
should  increase  as  the  mean  crack  spacing  decreases.  To  investigate  the  relationship  between 
matrix  crack  spacing  and  temperature  rise,  the  crack  spacing  in  a  specimen  was  sequentially 
decreased  by  prefatiguing  at  maximum  stresses  of  160,  180,  200  and  220  MPa.  Each  pre- 
fatigue  experiment  was  conducted  for  50,000  cycles  a  loading  frequency  of  25  Hz  and  a 
minimum  stress  of  10  MPa.  After  prefatiguing  at  a  given  maximum  stress  (to  achieve  a  stable 
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crack  spacing  characteristic  of  the  panicular  stress  level)Ithe  specimen  was  sequentially 
fatigued  at  frequencies  of  5,  10,  25,  50  and  75  Hz  between  fwed  stress  limits  of  1 60  MPa  and 
10  MPa  (the  loading  history  is  shown  in  Fig.  1 1).  At  each  loading  frequency,  the  specimen 
was  fatigued  for  10(X)  s  -  which  was  sufficient  for  the  temperature  rise  to  attain  an 
approximate  plateau.  After  each  1000  s  fatigue  loading  block,  the  specimen  was  allowed  to 
cool  to  ambient  temperature  prior  to  fatiguing  at  the  next  loading  frequency.  The  stress  levels 
used  in  the  pre-fatigue  experiments  provided  average  matrix  crack  spacings  I,  which  ranged 
from  228  |xm  at  a  peak  stress  of  160  MPa,  to  181  ^m  at  a  peak  stress  of  220  MPa  (see  Fig. 
12).  The  average  crack  spacing  was  also  measured  after  each  1000  s  fatigue  loading  block  to 
determine  if  the  inidal  crack  spacing  changed  during  the  variable-frequency  experiments;  in  all 
cases,  there  was  no  measurable  change  in  crack  spacing. 

Typical  temperature  rise  curves  obtained  during  the  variable-frequency  fatigue  experiments 
are  shown  in  Fig.  13.  The  maximum  temperature  rise  is  plotted  in  Fig.  14a,  as  a  function  of 
mean  crack  spacing  and  loading  frequency.  At  a  given  frequency  the  maximum  temperature 
rise  increased  as  the  crack  spacing  decreased.  This  is  to  be  expected;  as  the  crack  spacing 
decreases,  the  total  number  of  interfacial  slip  zones  present  in  the  specimen  increases, 
providing  additional  sites  for  heat  generation  by  frictional  slip.  The  inverse  relationship 
between  temperature  rise  and  average  crack  spacing  is  consistent  with  a  mechanism  of  internal 
heating  involving  the  frictional  sliding  of  fibers  (as  discussed  in  the  next  section,  the  area 
enclosed  by  the  stress-strain  hysteresis  loops,  which  is  proportional  to  the  energy  dissipation 
per  cycle,  also  increases  as  the  mean  crack  spacing  is  decreased).  Although  there  was  no 
appreciable  difference  in  mean  crack  spacing  for  the  pre-fatigue  experiments  conducted  at  peak 
stresses  of  200  MPa  and  220  MPa^*^,  a  higher  temperature  rise  was  observed  after  pre- 

mean  crack  spacing  dccrea.sed  from  184  pm  to  181  pm.  Ii  view  of  the  error  in  measuring  crack 
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fatigue  at  220  MPa  (Fig.  14a),  This  funher  temperature  rise  is  attributea  to  the  additional 
debonding  and  fiber-fractures  which  would  be  present  after  pre-fatigue  at  220  MPa. 

After  completion  of  the  experiments  described  above,  and  using  the  same  specimen, 
additional  informadon  regarding  the  stress-range  and  frequency  dependence  of  frictional 
heating  was  obtained  by  comparing,  at  a  crack  spacing  of  181  }im,  the  magnitude  of  the 
temperature  rise  which  occurred  at  peak  stresses  of  160  MPa  and  220  MPa  (see  Figure  14b). 
At  a  peak  stress  of  220  MPa  the  temperature  rise  was  substantial;  exceeding  100  K  at  a 
loading  frequency  of  75  Hz.  Examination  of  surface  replicas  taken  before  and  after  the 
experiment  conducted  at  220  MPa  showed  no  change  in  crack  spacing. 

Influence  of  long-duration  fatigue  on  temperature  rise.  During  the  tension-tension 
fatigue  of  0°/90°  Cf/SiC  composites  produced  by  chemical  vapor  infiltration,  Holmes  and 
Shuler^®  observed  an  initial  peak  in  specimen  temperature,  followed  by  a  gradual  decay.  In 
parallel  with  the  temperature  decay,  a  slight  increase  in  the  average  stress-strain  modulus 
occurred.  The  initial  decay  in  specimen  temperature  was  postulated  to  be  the  result  of  a 
decrease  in  interfacial  shear  stress  caused  by  wear  damage  along  the  fiber-matrix  interface. 
To  determine  if  a  similar  temperature  decay  occurs  in  unidirectional  Nicalon/CAS-II 
compjosites,  a  virgin  specimen  was  subjected  to  continuous  25  Hz  fatigue  between  fixed  stress 
limits  of  180  MPa  and  10  MPa.  As  shown  in  Figs.  15a  and  b,  the  temperature  rise  reached 
an  initial  peak  within  the  first  30,000  cycles,  followed  by  a  sharp  decrease  of  approximately  1 
K  and  a  gradual  recovery  in  temperature  which  persisted  until  approximately  750,000  cycles. 


spacing  (±2  pm),  this  small  difference  is  not  considered  experimentally  significant 
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Beyond  750,000  cycles  the  temperature  rise  slowly  decayed.  A  sharp  increase  in  temperature 
rise  was  observed  immediately  prior  to  specimen  failure. 

The  changes  in  specimen  temperature  were  roughly  paralleled  by  changes  which  occur  in 
the  amount  of  stress-strain  hysteresis.  As  shown  in  Fig.  16,  the  hysteresis  slowly  increases 
towards  an  initial  maximum  at  approximately  50,000  cycles.  For  the  stress  limits  and  loading 
frequency  used  in  the  experiment,  the  crack  spacing  stabilized  within  approximately  20,000 
cycles  (see  Fig.  8);  thus,  the  additional  strain  ratchetting  which  occurred  between  20,000  and 
50,000  cycles  is  attributed  to  further  interfacial  debonding.  Although  further  strain 
ratchetting  occurred  between  50, (XX)  and  3.18  x  10^  cycles,  the  extent  of  hysteresis  decreased 
by  less  than  5%.  A  large  increase  in  hysteresis  occurred  immediately  prior  to  specimen 
failure,  which  occurred  at  approximately  3.21  x  10^  cycles. 

The  average  cyclic  stress-strain  modulus  exhibited  an  initially  rapid  decay  -  from  an  initial 
value  of  120  GPa  to  approximately  70  GPa  after  30,(X)0  fatigue  cycles  (Figs.  1 5a  and  b). 
This  rapid  modulus  decay  is  attributed  to  the  formation  of  matrix  cracks  and  debonding  along 
the  fiber/matrix  interface.  Beyond  approximately  100,000  cycles,  the  modulus  slowly 
recovered;  to  roughly  80  MPa  immediately  prior  to  specimen  failure.  Under  load-controlled 
fatigue,  an  increase  in  specimen  modulus  produces  a  proportional  decrease  in  strain  amplitude 
(Aa  oc  E^Ae).  Noting  that  the  amount  of  heating  is  qualitatively  related  to  strain  range  (see 
Fig.  9b),  the  modulus  recovery  which  occurred  during  cyclic  loading  appears  to  be  partially 
responsible  for  the  gradual  decay  in  temperature  observed  beyond  approximately  750,000 
fatigue  cycles.  As  discussed  in  a  later  section,  the  modulus  recovery  is  attributed  to  a  partial 


49 


recovery  in  frictional  shear  stress. 

Comments  on  damping  behavior  and  cyclic  stress-strain  behavior.  For  the  experiments 
described  in  the  preceding  section,  the  maximum  temperature  rise  showed  an  approximately 
linear  dependence  on  loading  frequency  within  the  range  of  5  Hz  to  25  Hz.  At  higher 
frequencies,  the  temperature  rise  was  significantly  less  than  that  predicted  by  a  linear 
extrapolation  of  data  obtained  at  frequencies  of  25  Hz  and  lower.  Two  possible  mechanisms 
for  this  trend  are:  (1)  differential  thermal  expansion  between  the  fiber  and  matrix  causes  a 
slight  reduction  in  interfacial  shear  stress  and  (2)  other  modes  of  energy  dissipation  were 
present  at  frequencies  of  50  Hz  and  higher.  The  first  possibility  is  consistent  with  the  thermal 
expansion  mismatch  between  Nicalon  fibers  and  the  CAS  matrix:  ttNicalon  ~  ^ 
and  a^AS  ~  ^  ^  Thus,  for  Nicalon/CAS-II  composites,  a  bulk  temperature 

rise  would  cause  a  decrease  in  normal  stress  and,  therefore,  shear  stress  across  the  interface. 
The  later  possibility  is  suggested  by  examination  of  Figs.  17a  and  b,  which  show  that  a 
significant  change  in  the  cyclic  stress-strain  behavior  occurs  at  loading  frequencies  of  50  Hz 
and  75  Hz.  Recent  experiments  conducted  using  a  much  suffer  loading  frame  with  a  resonant 
frequency  above  300  Hz^®,  showed  no  appreciable  distortion  of  the  hysteresis  loops  when 
similar  specimens  were  tested  at  frequencies  up  to  150  Hz.  Thus,  the  change  in  stress-strain 
behavior  at  50  and  75  Hz  appears  to  be  caused  by  compliance  of  the  loading  frame,  rather  than 
a  change  in  the  intrinsic  damping  behavior  of  the  composite.  These  experiments  also  indicate 
that  for  a  significant  temperature  rise  by  frictional  heating,  the  interfacial  shear  stress  decreases 
at  loading  frequencies  above  50  Hz.^^ 

^An  MTS  Scrvohydraulic  Model  331  load-frame  was  used  in  thc,se  experiments.^^ 
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Influence  of  loading  frequency  on  interfacial  (frictional)  shear  stress.  Cho  et  al.  ^  ^ 
recently  developed  an  approach  whereby  the  frictional  shear  stress  which  is  present  during  the 
cyclic  loading  of  fiber-reinforced  ceramics  can  be  estimated  by  analysis  of  frictional  heating 
data.  The  approach  involves  performing  an  energy  balance  to  relate  the  energy  dissipated 
through  the  frictional  slip  of  fibers  to  the  heat  loss  from  a  fatigue  specimen  to  its 
surroundings.  Assuming  that  the  fibers  undergo  partial  frictional  slip,  the  work  performed  in 
the  frictional  slip  of  fibers  dwfj.j^/dt,  is  given  in  terms  of  the  loading  frequency/,  applied 
stress  range  Aa,  average  matrix  crack  spacing  I,  and  dynamic  frictional  shear  stress 


dt 


/dfAo^ 
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< 
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where,  E^,  and  E^  are  the  initial  tensile  moduli  of  the  fibers,  matrix  and  composite, 
respectively  and  vf  and  df  are  the  fiber  volume  fraction  and  fiber  diameter,  respectively. 
Neglecting  other  modes  of  mechanical  energy  loss,  the  energy  dissipated  as  frictional  work, 
dwfric/dt,  equals  the  rate  of  heat  loss  to  the  surroundings.  The  rate  of  heat  loss  can  be 
determined  by  summing  the  convective,  radiative  and  conductive  heat  losses  from  the  fatigue 
specimen. Alternatively,  the  heat  loss  can  be  obtained  directly  from  the  cyclic  stress- 

rate  of  heat  loss  per  unit  volume,  dq/dt,  is  given  in  terms  of  the  surface  temperature  of  the 
specimen  Tj,  air  temperature  T^,  convective  heat  transfer  coefficient  h,  emissivity  e,  and  the 
thermal  conductivity  of  the  composite  parallel  to  the  fibers  k: 


axial 


where,  p  is  the  Stcfan-Boltzman  constant  (5.67  x  10'^  W/m^-K'^),  [AT/Azlaxiai 


is  the  axial 
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strain  hysteresis  curves  obtained  during  a  fatigue  test  (the  energy  dissipation  per  cycle  is 
determined  by  calculating  the  area  enclosed  by  a  cyclic  stress-strain  curve  and  multiplying  by 
the  loading  frequency). 

Using  Equation  1,  and  the  temperature  rise  data  given  in  Fig.  14a,  xj  was  determined  as  a 
function  of  loading  frequency  and  mean  crack  spacing.  As  shown  in  Fig.  18,  within  the 
range  of  5  to  25  Hz  the  interfacial  shear  is  approximately  constant.  Higher  frequency  data 
was  not  considered  since  machine  compliance  caused  distortion  of  the  hysteresis  curves  at  50 
and  75  Hz.  The  calculated  interfacial  shear  stress  shows  a  slight  dependence  on  mean  crack 
spacing,  ranging  from  approximately  6  MPa  at  228  pm,  to  3  MPa  at  184  pm  and  181  pm. 
Noting  that  the  crack  spacing  was  changed  by  sequentially  increasing  the  maximum  fatigue 
stress,  the  apparent  dependence  of  interfacial  shear  stress  on  crack  spacing  is  most  likely  a 
consequence  of  additional  microstructural  damage  which  occurred  during  prefatigue  at  the 
higher  peak  stress  levels.  In  particular,  the  extent  of  interfacial  debonding  and  number  fiber 
fractures  would  increase  with  an  increase  in  fatigue  stress  (the  influence  of  fractured  fibers  on 
total  energy  dissipation  during  fatigue  was  not  included  in  the  analysis  used  to  determine  x^j). 

Influence  of  long -duration  cyclic  loading  on  interfacial  shear  stress.  The  change  in 
interfacial  shear  stress  was  determined  for  the  long-duration  fatigue  experiment  which  was 
conducted  for  3.21  x  10^  cycles  between  stress  limits  of  180  MPa  and  10  MPa.  For 
comparison,  the  interfacial  shear  stress  was  calculated  using  both  temperature  rise  data  (Figs. 
15a  and  b)  and  the  stress-strain  hysteresis  curves  (Fig.  16).  When  using  temperature  rise 
data,  the  energy  balance  given  by  Eq.  1  is  valid  only  after  the  mean  crack  spacing  and  gage- 


lempcrature  gradient  across  the  end  of  the  specimen  gage-section,  and  and  arc  the  surface 

area  of  the  gage-section  and  the  cross  section  of  the  gage-section,  respectively. 
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section  temperature  have  stabilized.  However,  using  hysteresis  data,  Eq.  1  can  be  used  so 
long  as  the  mean  crack  spacing  corresponding  to  a  particular  hysteresis  curve  is  known. 
From  Fig.  15b,  the  temperature  rise  stabilized  within  approximately  20,000  to  30,000 
cycles. The  change  in  matrix  crack  spacing  was  not  monitored  during  the  long-duration 
fatigue  experiment.  However,  for  the  particular  loading  history  used,  it  was  previously 
determined  that  the  mean  crack  spacing  in  a  virgin  specimen  reaches  a  plateau  within 
approximately  20,000  cycles  (see  Fig.  8).  With  this  knowledge,  the  matrix  crack  spacing 
present  during  the  long-duration  fatigue  experiment  was  estimated  from  surface  replicas  taken 
after  specimen  failure,  which  occurred  at  approximately  3.21  x  10^  cycles  (the  presence  of 
debris  along  the  crack  faces,  which  prevented  complete  crack  closure  after  failure,  allowed  the 
matrix  cracks  to  be  clearly  identified  in  the  surface  replicas).  The  replicas  were  obtained  from 
regions  of  the  gage-section  which  were  remote  to  the  final  fracture  location;  the  mean  crack 
spacing  was  209  |im.  This  crack  spacing  is  1 1  pm  larger  than  that  measured  for  the  specimen 
used  in  the  constant  stress-range  experiments  (this  specimen  was  prefatigued  at  180  MPa  -  see 
Fig.  8),  and  19  pm  larger  than  that  measured  after  the  specimen  used  in  the  variable-frequency 
experiments  was  prefatigued  at  180  MPa  (see  Fig.  12).  These  differences  in  crack  spacing  are 
attributed  to  inhomogeneities  in  the  fiber  distribution  present  in  the  billet  from  which  the  test 
specimens  were  obtained. 

As  shown  in  Figs.  19a  and  b,  the  interfacial  shear  stress  undergoes  an  initially  rapid 

decrease,  from  over  20  MPa  to  approximately  5  MPa  at  25,000  cycles,  after  which  a  gradual 

recovery  to  approximately  7  MPa  occurs  prior  to  specimen  failure  at  3.21  x  10^  cycles  (note 

f22For  a  given  composite  system  the  rate  at  which  the  temperature  rise  stabilizes  depends  upon 
the  applied  stress  range  and  prior  loading  history  of  the  specimen.  For  pre-fatigued 
specimens,  the  temperature  rise  can  stabilize  in  as  few  as  5,(XX)  cycles  -  see  Fig.  13. 
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that  these  these  interfacial  shear  stress  values  are  based  upon  calculations  made  usine  the 
hysteresis  data).  The  initial  decrease  in  interfacial  shear  stress  is  aiixi::i*iea  to  a  rapid  wear 
process  that  occurs  along  interfacial  slip-zones  through  the  repeated  frictional  sliding  of  fibers. 
Jero  and  Kerans^i  and  Mackin  et  al22  have  proposed  that  interfaciai  wear  is  a  likely 
mechanism  of  fatigue  damage  in  fiber- reinforced  composites.  It  has  been  suggested  that 
surface  roughness  along  the  fiber-matrix  interface  controls  the  rate  of  interfaciai  wear  during 
the  cyclic  loading  of  ceramic  matrix  composites.21  The  decrease  in  interfaciai  shear  stress 
which  was  found  in  the  present  investigation  provides  clear  experimental  evidence  for  a  wear 
mechanism  during  the  initial  stages  of  fatigue  loading. 

As  mentioned  earlier,  both  the  interfaciai  shear  stress  and  cyclic  stress-strain  modulus 
showed  a  partial  recovery  during  long  duration  fatigue.  The  calculated  increase  in  interfaciai 
shear  stress  from  5  MPa  to  7  MPa  would  increase  the  average  modulus  by  approximately  8 
GPa,  in  good  agreement  with  the  6.5  GPa  recovery  in  modulus  which  was  experimentally 
observed.  Although  speculative  at  this  time,  the  partial  recovery  in  interfaciai  shear  stress 
which  occurs  during  long-duration  fatigue  may  be  the  result  of  time-dependent  interaction 
with  humidity  in  the  test  environment.  TTiis  speculation  is  based  upon  results  from  fiber- 
pushout  experiments  conducted  by  Streveil  and  Jero23,  which  indicate  that  after  initial  fiber 
debonding  the  frictional  shear  stress  in  SCS-6/borosilicate  glass  composites  increased  upon 
subsequent  exposure  of  the  composite  to  humid  environments. 

Implications  of  frictional  heating  for  the  use  and  microstructural  design  of  ceramic  matrix 
composites.  Ccitain  results  obtained  from  this  study  have  important  implications  regarding 
the  use  and  microstructural  design  of  ceramic  matrix  composites: 
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1 .  The  microstructures  that  impart  high  toughness  to  ceramic  matrix  composites  (relatively 
weak  interfacial  bond  strength  and  generous  fiber  pullout  lengths)  will  be  the  most  susceptible 
to  frictional  heating.  Frictional  heating  will  also  be  influenced  by  such  microstructural 
parameters  as  the  type  of  fiber  coating  and  the  temperature  dependence  of  mismatch  in  tljermal 
expansion  coefficients  between  the  fiber  and  matrix. 

2.  Fatigue  loading  can  cause  a  rapid  decrease  in  intcifacial  shear  stress  during  the  initial 
stages  of  fatigue.  It  is  expected  that  the  rate  of  decrease  of  interfacial  shear  stress  will  be 
influenced  by  such  parameters  as  ambient  temperature  and  loading  frequency,  both  of  which 
will  influence  the  rate  of  interfacial  wear.  ITie  decrease  in  interfacial  shear  stress  found 
during  the  initial  stages  of  fatigue  loading  will  result  in  a  cycle  dependence  of  such  properties 
as  toughness  and  strength.  Although  the  interfacial  shear  stress  was  found  to  be 
approximately  constant  over  the  range  of  5  Hz  to  25  Hz,  additional  work  is  required  to 
determine  if  this  trend  will  persist  at  higher  loading  frequencies  where  the  change  differential 
thermal  expansion  would  be  expected  to  influence  the  frictional  shear  stress. 

3.  As  a  consequence  of  differential  thermal  expansion  between  the  fiber  and  matrix,  it  is 
expected  that  the  mechanical  behavior  and  thermophysical  propenies  of  fiber-reinforced 
ceramics  will  be  influenced  by  loading  frequency.  This  frequency  dependence  of  properties 
will  need  to  be  accounted  for  in  the  design  of  structures  and  components.  Since  the  extent  of 
frictional  heating  will  be  influe.nced  by  many  variables,  including  fiber  volume  fraction  and  lay 
up,  interfacial  coatings,  loading  history  and  operating  temperature,  extensive  experimental 
testing  will  be  required  to  quantify  the  changes  in  properties  which  occur  during  fatigue. 
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4.  The  correlation  of  frictional  heating  with  matrix  craclcing  and  fiber  debonding  raises  the 
interesting  possibility  that  temperature  rise  information  can  be  used  to  assess  the  iniual  damage 
state  of  ceramic  composite  panels  or  components.  Monitoring  temperature  rise  may  also  be  a 
feasible  method  for  determining  the  integrity  and  evolving  damage  state  of  structural 
components. 

Finally,  it  should  be  mentioned  that  not  all  ceramic  composites  undergo  internal  heating  of 
the  magnitude  observed  in  Nicalon™/CAS-Il  and  Cf/SiC^O  composites.  For  example, 
unpublished  work  by  the  authors  has  shown  that  cross-ply  Nicalon™/SiC  composites 
processed  by  chemical  vapor  infiltration  exhibit  only  minimal  frictional  heating  during 
tension-tension  fatigue  loading  (at  a  peak  stress  of  160  MPa  the  temperature  nse  was  typically 
less  than  5  K  at  loading  frequencies  up  to  75  Flz). 

V.4  Conclusions 

Based  upon  the  results  obtained  from  tension-tension  fatigue  experiments  performed  in  air 
at  ambient  temperature,  the  following  conclusions  can  be  made  regarding  frictional  heating 
and  dynamic  interfacial  shear  stress  in  16  ply  unidirectional  Nicalon/CAS-II  composites  with 
35  vol.  %  fibers: 

1 .  The  onset  of  frictional  heating  during  cyclic  loading  coincides  with  the  initiation  of  matrix 
cracking.  Frictional  heating  and  matrix  cracking  began  at  a  peak  stress  of  120  MPa,  which  is 
approximately  50%  below  the  initial  monotonic  proportional  limit  strength  of  the  composite, 
indicates  that  fatigue  damage  in  fiber-reinforced  ceramics  can  occur  at  stress  levels  well  below 
the  monotonic  proportional  limit.  This  early  fatigue  damage  has  important  implications 
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regarding  the  use  of  these  composites  in  high-temperature  oxidizing  environments. 

2.  For  a  constant  loading  frequency  and  matrix  crack  spacing,  the  maximum  temperature  rise 
exhibits  an  approximately  linear  dependence  on  stress  ranee  or  strain  range.  Increasing  the 
stress  range  by  20  MPa  resulted  in  an  average  temperature  increase  of  approximately  3.2  K. 
For  a  fixed  stress  range,  the  temperature  rise  showed  only  a  weak  dependence  on  maximum 
fatigue  stress.  For  example,  at  a  stress  range  of  90  MPa,  a  change  in  peak  stress  from  100 
MPa  to  180  MPa  resulted  in  less  than  a  1  K  change  in  specimen  temperature.  These  results 
suggest  that  the  extent  of  internal  heating  is  controlled  primarily  by  the  relative  sliding  distance 
of  fibers  within  the  matrix. 

3.  For  a  given  peak  fatigue  stress  and  stress  ranee,  the  extent  of  frictional  heating  increases 
as  the  average  matrix  crack  spacing  decreases.  At  a  loading  frequency  of  75  Hz  and  peak 
stress  of  160  MPa  (Aa  =  150  MPa),  the  temperature  rise  ranged  from  28  K  at  a  crack  spacing 
of  228  jim,  to  approximately  50  K  at  a  crack  spacing  of  181  p.m.  At  a  crack  spacing  of  181 
(im,  the  temperature  rise  exceeded  100  K  at  a  peak  stress  of  220  MPa  (Aa  =  210  MPa)  and 
loading  frequency  of  75  Hz. 


4.  The  frictional  shear  stressalong  the  fiber/matrix  interface  undergoes  a  significant  reduction 
during  the  initial  stages  of  fatigue.  During  long  duration  fatigue  at  a  loading  frequency  of  25 
Hz  and  peak  stress  of  180  MPa,  the  dynamic  interfaciai  shear  stress  showed  an  initially  rapid 
decrease  in  the  first  20,000  cycles  (from  approximately  20  MPa  to  5  MPa),  followed,  after 
several  million  cycles,  by  a  partial  recovery  to  about  7  MPa.  In  parallel  with  the  increase  in 
interfaciai  shr  stress,  a  partial  recovery  in  the  cyclic  stress-strain  modulus  was  observed. 
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The  magnitude  of  the  modulus  increase  was  consistent  with  analytical  predictions  which  were 
based  upon  the  observed  increase  in  interfacial  shear  stress. 

5.  A  gradual  decay  in  temperature  rise  was  observed  during  long-duration  fatigue  loading. 
The  temperature  rise  (T  -  T^mbient)  decreased  from  a  maximum  of  approximately  18  K  at 
30,000  cycles  to  15  K  after  3.16  x  10^  cycles.  This  decrease  in  temperature  is  attributed  in 
part  to  the  modulus  recovery  which  occurs  during  cyclic  loading;  under  load-controlled 
fatigue,  a  modulus  increase  causes  a  proponional  reduction  in  strain  range  (Ae  =  Aa/E(>)  and, 
hence,  a  reduction  in  the  frictional  sliding  distance  of  fibers.  The  inierfacial  shear  stress  was 
not  significantly  influenced  by  loading  frequency;  for  a  given  crack  spacing,  there  was  less 
than  a  1  MPa  change  in  shear  stress  for  loading  frequencies  between  5  and  25  Hz. 

6.  The  occurrence  of  frictional  heating  and  the  cycle  dependent  change  in  frictional  shear 
stress  have  important  implications  regarding  the  role  of  the  fiber/matrix  interface  in  fatigue  and 
the  use  of  ceramic  composites  in  applications  involving  fatigue  loading.  In  panicular, 
differential  thermal  expansion  between  the  fiber  and  matrix  during  cyclic  loading  may  result  in 
a  frequency  dependence  of  propenies  which  are  influenced  by  the  degree  of  contact  between 
the  fiber  and  matrix;  such  as  interfacial  wear  and  mechanical  properties  such  as  toughness, 
damping  and  fatigue  life.  Thermophysical  properties  such  as  thermal  conductivity  are  also 
expected  to  be  influenced  by  loading  frequency. 
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Fig.  1 .  SDecimen  geometry  used  to  investigate  frictional  heating  dunng  ihc  tensile-fatigue  of 
ceramic  matrix  composites.  All  dimensions  are  given  in  millimeters. 


Fig.  2.  Optical  micrograph  showing  typical  fiber-distribution  in  the  [0]jg-NicaJon’^/CAS -II 
specimens.  The  composite  had  a  nominal  fiber  fraction  of  35  voi.  %. 


Fig.  3.  Expenmental  arrangement  used  to  investigate  frictional  hearing  in  fiber-reinforced 
ceramics.  The  isothermal  test  chamber,  which  completely  surrounded  the  specimen  and  grips, 
had  a  volume  of  0.025  m^.  The  temperature  within  the  chamber  was  controlled  to  293  ±f).lK 
by  circulating  water  through  the  chamber  walls. 
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Fig.  4.  Monotonic  tensile  behavior  of  [0]  jg-Nicaion^/CAS-II  at  293  K. 


Fig.  6.  Temperature  rise  and  matrix  crack  density  (reciprocal  of  mean  crack  spacing)  versus 
maximum  fatigue  stress.  The  crack  density  reached  an  approximate  plateau  above  200  MPa. 
For  ail  loading  histories,  the  loading  frequency  was  25  HZ  and  the  minimum  fatigue  stress  was 
10  MPa.  The  initial  temperanire  of  the  composite  was  293  K.  .After  Holmes  and  Cho  [8]. 
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Fig.  7,  Loading  history  used  to  investigate  the  influence  of  su'ess  range  (Aa)  and  maximurr; 
fatigue  stress  on  temperature  rise.  To  achieve  a  constant  crack  density,  the  specimen  was  first 
prefatigued  for  100,000  cycles  at  25  Hz  between  fixed  stress  limits  of  180  MPa  and  10  MPa. 
Each  constant  stress-range  experiment  was  conducted  for  25,000  cycles  at  a  loading  frequency 
of  25  Hz.  The  stress  range  is  given  above  each  group  of  fatigue  loading  blocks. 
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Fig.  8.  Change  in  matrix  crack  spacing  and  cyclic  stress-strain  modulus  during  fatigue  at  25 
Hz  between  fixed  stress  limits  of  180  MPa  and  10  MPa.  Note  that  a  stable  crack  density  was 
achieved  within  approximately  20,000  cycles.  For  this  loading  histoiy'  the  m.odulus  reached 
an  approximate  plateau  between  approximately  25,000  and  30,000  cycles. 
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(a)  versus  Ac.  (b)  versus  Ae. 

Figs.  9a  and  b.  (a)  Influence  of  stress  range  (Ac)  and  maximum  fatigue  stress  on  temperature 
rise.  For  a  given  stress  range,  the  temperature  rise  exhibits  a  weak  dependence  on  peak  fatigue 
stress,  (b)  Relationship  between  maximum  temperature  rise  and  strain  range.  The 
approximately  linear  relationship  between  temperature  rise  and  strain  range  suggests  a 
mechanism  of  internal  heating  involving  the  frictional  slip  of  fibers.  The  loading  history  is 
shown  in  Fig.  7. 


Fig.  10.  Stress-strain  hysteresis  curves  obtained  after  100,000  cycles  of  "pre-fatigue” 
between  stress  limits  of  180  MPa  and  10  MPa  and  during  subsequent  fatigue  experiments 
conducted  at  a  stress-range  of  130  MPa  (the  peak  stresses  were  140,  160  and  180  MPa  -  see 
Fig.  7).  The  constant  stress  range  curves  have  been  separated  for  clarity.  Corresponding  to 
the  peak  in  temperature  rise  (Fig.  9a),  the  energy  dissipation  was  a  maximum  at  an  intermediate 
level  of  peak  fatigue  stress.  To  the  right  is  the  hysteresis  envelope  formed  by  overlaying  the 
three  constant  stress  range  curves. 
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Fig.  1 1.  Loading  sequence  used  to  investigate  the  influence  of  test  frequency  and  matrix  crack 
spacing  on  temperature  rise.  To  change  the  crack  spacing,  the  maximum  fatigue  stress  was 
sequentially  increased;  maximum  stresses  of  160,  180,  200  and  220  MPa  were  employed  (in 
all  instances,  the  specimen  was  fatigucu  for  50,000  cycles  at  25  Hz  -  the  minimum  cycle  stress 
was  10  MPa).  For  each  crack  spacing,  the  specimen  was  sequentially  subjected  to  fatigue  at 
loading  frequencies  of  5,  10,  25,  50  and  75  Hz;  the  specimen  was  fatigued  for  1000  s  at  each 


Maximum  fatigue  stress,  MPa 

Fig,  12.  Matrix  crack  spacing  versus  maximum  fatigue  stress.  At  each  stress,  fatigue  was 
conducted  for  50,000  cycles  at  a  frequency  of  25  Hz  and  a  minimum  stress  of  10  MPa  (see 
Fig.  II). 
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Fig.  1 3.  Typical  temperature  rise  curves  obtained  from  fadgue  experiments  conducted  at 
loading  frequencies  of  5  to  75  Hz  between  fixed  stress  limits  of  160  MPa  and  10  MPa.  The 
specimen  was  previously  fatigued  at  25  Hz  for  50,000  cycles  between  stress  limits  of  200  MPa 
and  10  MPa;  this  provide  an  average  matrix  crack  spacing  of  184  jim. 
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(a)  Temperature  rise  versus  frequency  and  crack  spacing. 


Frequency,  Hz 

(b)  Temperature  rise  versus  frequency  and  fatigue  suess. 

Figs.  I4a  and  b.  (a)  Influence  of  average  matrix  crack  spacing  and  loading  frequency  on 
maximum  temperature  rise  at  a  fixed  stress  range  (the  experiments  were  conducted  between 
fixed  stress  limits  of  160  MPa  and  10  MPa  -  see  Fig.  1 1).  (b)  Influence  of  stress  range  and 
loading  frequency  on  temperature  rise  at  a  constant  crack  spacing  (for  both  fatigue  stresses  the 
minimum  cycle  stress  was  10  MPa). 
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(b)  Temperature  rise  and  modulus  curves  up  to  failure. 

Figs.  15a  and  b.  Influence  of  long-duration  cyclic  loading  on  temperature  rise  and  cyclic 
stress-strain  modulus.  The  experiment  was  conducted  at  a  loading  frequency  of  25  Hz  between 
fixed  stress  limits  of  180  MPa  and  10  MPa.  (a)  The  modulus  rapidly  decreased  within  the  first 
30,000  cycles  of  fatigue,  (b)  With  further  fatigue,  a  partial  recovery  in  modulus  and  gradual 
decay  in  temperature  occurred.  Failure  occurred  at  approximately  3.21  x  10^  cycles. 
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Fig.  16.  Change  in  hysteresis  behavior  during  the  long  duration  fatigue  of  unidirectional 
Nicalon/CAS-IL  TTie  experiment  was  conducted  at  25  Hz  between  fixed  stress  limits  of  180 
MPa  and  10  MPa.  The  numbers  above  each  curve  give  the  fatigue  cycles  in  thousands. 
Specimen  failure  occurred  at  approximately  3.21  x  10^  cycles. 
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Figs.  I7a  and  b.  Influence  of  loading  frequency  on  the  cyclic  stress-strain  response  of  fO] 
Nicaion/CAS-n.  The  hysteresis  loops  were  obtained  at  the  end  of  each  1000  s  test.  The 
numbers  above  each  curve  correspond  to  the  sinusoidal  loading  frequency  in  Hz.  The 
distortion  of  the  hysteresis  curves  at  50  and  75  Hz  is  attributed  to  compliance  of  the  load- 
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Fig.  18.  Influence  of  loading  frequency  and  mean  crack  spacing  on  dynamic  interfacial  shear 
stress,  X^.  The  temperature  rise  data  shown  in  given  in  Fig.  14a  were  used  in  the  analysis. 
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(a)  Interfacial  shear  up  to  3.18  x  10^  cycles. 


(b)  Initial  portion  of  curves. 

Figs.  19a  and  b.  Change  in  interfacial  shear  during  long  duration  cyclic  loading  between  fixed 
stress  limits  of  180  MPa  and  10  MPa.  For  comparison,  the  interfacial  shear  was  calculated 
using  the  temperature  rise  data  given  in  Fig.  15  and  stress-strain  hysteresis  data  (several  of  the 
hysteresis  curves  are  shown  in  Fig.  16).  Specimen  failure  occurred  at  3.21  x  10^  cycles. 


